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Summary 
In recent years, significant fluctuations of manganese (Mn) concentration have been observed 
in the raw water at Lorne Water Treatment Plant (WTP) in Victoria. The high Mn concentration 
of plant influent (e.g., above 1 mg/L) could lead to treatment difficulties, and possible dirty 
water events and customer complaints. It has been established in previous studies on the causes 
of the Mn fluctuations that biological treatment could potentially be a cost-effective and 
environmentally friendly option for Lorne WTP to control Mn in the water supply system. An 
investigation of the biological filtration for manganese control in Lorne Water supply system 
was therefore conducted. The biological filtration Mn control method was analysed with a 
triple bottom line approach to understand its technological and economic feasibility, and 
environmental impact.  
 
It was found that manganese oxidising bacteria (MOB) present in Lorne raw water were 
successfully inoculated into the two lab biofilters packed with sand and GAC, respectively. 
The bio-oxidation process led to high removal efficiency of dissolved manganese. The residual 
dissolved manganese concentration was below Australian Drinking Water Guideline (ADWG) 
value (0.05 mg/L) for the influent with the various initial dissolved Mn concentrations (up to 
0.6 mg/L). The sediments in the high total Mn concentration raw water (> 1 mg/L total Mn) 
could accumulate on the top of the filter media, resulting in the improved total Mn removal 
efficiency. Doubling the empty-bed contact time (EBCT) from 20 min to 40 min further 
improved the removal efficiency for the high Mn concentration raw water, and the effluent Mn 
concentration was close or below the guideline value. By testing various operating conditions, 
it was found that the biofilters performed better at the temperature around 25 °C, pH at 7 and 
7.5, and dissolved oxygen level around 9 mg/L.  
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The investigation of the observed Mn ‘bleed’ phenomenon where the Mn concentration of the 
effluent could exceed that of the influent showed that backwash and sudden increase of Mn 
concentration in the feedwater would only affect the Mn removal efficiency for few days. 
However, a sudden decrease of Mn concentration in the feedwater would affect the biofilter 
over the long term due to the potential dormancy and death of the MOB. The sand-based 
biofilter was more robust and stable in operation than the GAC based one, which could be a 
better option for the biofiltration system.  
 
The 16s metagenomic analysis identified the top Mn-oxidising and Mn-reducing bacterial 
species. Pseudomonas spp. was the most dominant Mn-oxidising species for both biofilters due 
to its greater tolerance in extreme conditions.  Geobacter spp. was the most populous Mn-
reducing species for both biofilters because of its ability to survive at the presence of oxygen.  
 
Preliminary cost analysis suggested a new 10 ML/day biological Mn removal plant would cost 
US$ 7.1 million (AU$ 9.6 million) which was approximately 45% cheaper than a conventional 
chemical oxidation plant at the same capacity. The life cycle assessment suggested that 
biological Mn process could contribute 20-40% less environmental impacts compared to the 
conventional chemical oxidation process.  
 
For developing the more reliable and efficient operation of the biofilters, some 
recommendations were made for future studies. For example, higher Mn concentrations and 
more extreme operation conditions could be tested to verify the robustness of the process. 
Inoculation methods and nutrients could be studied for the most efficient way of inoculation as 
well as for the recovery from Mn ‘bleed’ state. The 16s metagenomic analysis of the filter 
media could be carried out at different stages of the operation to observe the change of MOB 
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communities and further understand the performance and operation of the biofilters. With more 
detailed design data or references, more accurate cost analysis and life cycle assessment can be 
conducted in the future. Further pilot scale trials may be necessary to obtain more engineering 
data for the possible full-scale applications on the site.  
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Chapter 1 Introduction 
1.1 Project Background 
Significant fluctuations of manganese (Mn) concentration have been observed in the raw water 
at Lorne Water Treatment Plant (WTP) in Victoria over recent years, Mn concentration spikes 
(e.g. > 1 mg/L) have led to dirty water events, customers’ complaints and treatment issues (Lei 
et al., 2016). At concentrations exceeding 0.1 mg/L, manganese ion can generate undesirable 
taste to water and stain plumbing fixtures and laundry. Australia and many other countries have 
set standards for manganese of 0.05 mg/L (NHMRC, 2011, WHO, 2011). 
 
It was observed by the plant operators that manganese level could increase significantly in the 
3-km raw water pipeline between Allens Reservoir and the WTP during the plant shut-down. 
Mn concentration of the plant influent could reach > 1 mg/L (in some extreme cases, up to 4 
mg/L) on the plant’s next start-up, which was above design limit and hence required additional 
measures such as chemical additions to handle the treatment difficulties (Lei et al., 2016). 
However, it was also observed Mn concentration of the influent was dropping significantly 
during plant operation without human intervention and reached the desirable concentration 
below 0.3 mg/L after 6 hours since start-up (Lei et al., 2016). 
 
An investigation into the observed phenomenon has been previously conducted by examining 
historical plant operation data and a series of laboratory tests (Lei et al., 2016). It was concluded 
that this phenomenon was primarily caused by microbial activities which governed the removal 
and release of Mn from the water in the raw water pipeline. A further investigation was 
conducted to understand the microbial processes controlling the Mn fluctuations. Detailed 
microbiological characterisation of the raw water samples from Lorne WTP was obtained 
through a cutting-edge metagenomic analysis. The top Mn (II)- oxidising bacteria, Mn (IV)- 
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reducing bacteria and their populations were revealed (Fan et al., 2016). The previous studies 
imply that biological control of Mn could be a cost-effective management option at the Lorne 
WTP.  
 
1.2 Aims 
The purpose of this research was to investigate the technological feasibility of biological 
filtration process for Mn control in Lorne WTP. More specifically, the objectives of this 
research were as follow: 
1. To investigate the effect of filter media type (sand or GAC) on treatment efficiency of 
the biofilters. 
2. To determine the impact of raw water characteristics including initial Mn concentration, 
temperature, dissolved oxygen (DO) and pH on treatment efficiency of the biofilters. 
3. To determine the impact of operation conditions including empty bed contact time 
(EBCT) on the treatment, and backwashing efficiency of the biofilters 
4. To examine the manganese oxidising bacteria (MOB) species present in the biofilters 
for an improved understanding of their roles in the treatment and performance. 
5. To conduct a preliminary cost analysis and a simplified life cycle assessment for the 
biofiltration system to assess its feasibility with a triple bottom line (TBL) approach. 
 
1.3 Thesis Structure 
This thesis consists of eight chapters. Project background and research objectives are described 
in Chapter 1. Chapter 2 presents an extensive literature review covering the nature of 
manganese, manganese analytical methods, manganese control methods, the nature of MOB 
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and biological control of Mn in drinking water treatment. The materials and methods used 
throughout the experimental investigation for this study are described in Chapter 3. 
 
The results and discussion are presented in the following four chapters. The impact of water 
characteristics and operating conditions are reported in Chapter 4. The investigation of an 
operation issue known as ‘manganese bleeding’ is described in Chapter 5. In Chapter 6 the 
characterisation of the microbial communities within the biofilters and the comparison with 
those present in the raw water are reported and discussed. Chapter 7 consists of two sections, 
preliminary cost analysis and a simplified life cycle assessment. The concluding remarks were 
drawn from this research and the recommendations for further work are provided in Chapter 8. 
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Chapter 2 Literature Review 
2.1 Nature of Manganese 
2.1.1 Natural Occurrence of Manganese 
Manganese is the 25th element in the periodic table, and it is considered as the 12th most 
abundant element in the Earth's crust (Nadaska et al., 2010). Manganese presents an an 
environment in various oxidation states ranging from -3 to +7. In nature, manganese occurs 
mostly in II, III and IV oxidation states. Most of the manganese presents principally in ores, 
including pyrolusite (MnO2), rhodochrosite (MnCO3), manganite (Mn2O3·H2O), hausmannite 
(Mn3O4), biotite mica (K(Mg,Fe)3(AlSi3O10)(OH)2), and amphibole ((Mg,Fe)7Si8O22(OH)2) 
(Moore, 1991). In water, manganese exists mainly as Mn (II) and Mn (IV), Mn (III) is transient 
and unstable which oxidises water to produce Mn (II) and oxygen (Martynova, 2013, Postawa 
and Hayes, 2013). Manganese usually presents in anoxic groundwater, hypolimnion region of 
reservoirs and eutrophic lakes as Mn (II). The Mn (IV) is generated from a series of oxidation 
reactions while the groundwater is pumped to the surface and when hypolimnetic water is 
mixed (Crittenden et al., 2012). A paradigm has been employed in the studies of Mn in the 
environment for defining different Mn phases based on operational definitions, by which is Mn 
that passes through a 0.45 μm filter is defined as soluble Mn (II) while Mn that is trapped by 
the filter are the solid phase Mn (III, IV) oxides (Burger et al., 2008b). In surface water, 
manganese migrates primarily through colloid suspension. Redox potential (Eh) and pH are 
the key factors determining the solubility of manganese minerals (Postawa and Hayes, 2013). 
Thermodynamically, Mn (II) is the favoured state at low pH and Eh while Mn (III) and Mn 
(IV) are favoured states at high pH and Eh (Tebo et al., 2010, Crittenden et al., 2012). Figure 
2.1 shows the forms of manganese in water as the function of redox potential and pH at 25 °C. 
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Figure 2.1 Forms of manganese in water as the function of redox potential and pH at the water 
temperature of 25°C (Crittenden et al., 2012). 
 
2.1.2 Anthropogenic Discharge 
The main sources of anthropogenic discharge include municipal wastewater discharges, 
sewage sludge, mining and mineral processing, emission from steel production and combustion 
of fossil fuels as well as certain fuel additives. 
 
At the end of the twentieth century, the manganese content in ore produced worldwide was 
around 8 million tonnes each year (WHO, 2004). The total global manganese reserves are 
found to be 620 million tonnes, sites of manganese deposits are mostly found in South Africa, 
Ukraine, Australia, India, Brazil and China, and the global manganese content metal production 
significantly increased to approximately 18 million tonnes in 2015 (Jimbo and Goto, 2001). 
Manganese ores and metal are the main materials to produce manganese compounds. In the 
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production of iron and alloys, manganese metal is widely used to enhance several physical 
properties of the products which include hardness, stiffness and strength. 
 
Manganese compounds have a variety of industrial uses. Manganese dioxide can act as a 
starting material for producing other manganese compounds; it is also used for the production 
of dry-cell batteries, matches, fireworks, porcelain and glass bonding materials. Similarly, 
manganese chloride is used as a precursor of other manganese production and in the 
manufacturing of dry-cell batteries. Also, it catalyses the chlorination of organic compounds 
and provides essential trace material in animal feed. Manganese sulphate is commonly used as 
a fertiliser and livestock supplement. Potassium permanganate is used as an oxidising agent, 
disinfectant and anti-algal agent. Maneb (manganese ethylene-bis-dithiocarbamate) is found to 
be the potential source of manganese in soil and plant because it is widely used for seed 
treatment of small grains. Methylcyclopentadienyl manganese tricarbonyl (MMT) is a fuel 
additive which is blended in unleaded petrol (WHO, 2004). 
 
The anthropogenic source of manganese released to air includes industrial emissions, fossil 
fuel combustion and re-entrainment of manganese containing soil. Air pollution can be caused 
during steel production, mining, crushing and smelting of manganese containing ores. In 
addition, manganese can also be released to the air by welding and fungicide applications and 
combustion of fuel additive such as MMT. Manganese released to water can be caused by 
industry discharge and waste leachate from landfills. Manganese released to land is mainly 
caused by manganese containing wastes (WHO, 2004). In the US, manganese released to the 
environment is included in the Toxics Release Inventory, where in 1996, more than 80% of 
total manganese was released to land and only around 1% of total manganese was released to 
water. 
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2.1.3 Source of Manganese in Drinking Water Supply Systems 
Manganese in drinking water is mainly caused by the natural composition of water or 
secondary contamination. Contamination can happen in catchment, treatment or flow of water 
in the distribution system. Manganese deposits and corrosion products are both considered as 
the main source of manganese in the distribution system. This deposition can be found in 
pipelines, fittings and tanks, which is either caused by corrosion in the system or insufficient 
treatment (Postawa and Hayes, 2013). 
 
Formation of manganese deposits in water pipes is primarily attributed to manganese bacteria. 
The deposition is found to be facilitated by the biofilms formed by these bacteria (Ginige et al., 
2011). These bacteria can affect the water in smell, taste, turbidity and colour (WHO, 2011). 
They can be classified into different groups by accumulating oxidised manganese in different 
parts of the cells. Cells with accumulated manganese oxides can be identified with a brown-
red or green-olive colour. The growth of such bacteria can lead to clogging and blocking of 
pipelines and consequently worsen hydraulic conditions in the distribution network (Postawa 
and Hayes, 2013). 
 
When manganese deposits adhere to water pipes, although they can protect the internal surface 
of pipes from corrosion, they are more likely to cause contamination of water with manganese. 
The release of manganese ion from these deposits can be caused by two independent processes. 
The first process is tearing off these manganese deposits which are primarily caused by the 
sudden change of rate and direction of water flow. It most commonly occurs in cases of damage 
to the water distribution system, such as pipe fractures. Consequently, manganese 
concentration can significantly increase and cause dirty water events. The second process is 
the dissolution of manganese deposits which has lower dynamics compared to the tearing off 
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process. The causes of such dissolution include pumping chemically unstable water to the 
system, change of conditions of the water source, reducing conditions in the system or 
introduction of corrosion inhibitors (Postawa and Hayes, 2013). 
 
2.1.4 Aesthetic Issues 
Safety is always the most important aspect of drinking water. However, acceptance in several 
aspects is equally important. The acceptability aspects including colour, taste and odour are the 
main concerns of manganese in drinking water. Globally, incidents with discolouration, 
undesirable taste and odour are the primary reasons for consumers’ complaints (NHMRC, 2011, 
Postawa and Hayes, 2013). 
 
Drinking water is supposed to be colourless. Two main reasons are influencing the appearance 
of colour in drinking water, which are the presence of coloured organic matter or presence of 
iron and manganese (Postawa and Hayes, 2013). At concentration exceeding 0.1 mg/L, 
manganese can stain plumbing fixtures, shower trays, baths and laundry along with an 
undesirable taste. Manganese is also able to form coatings on pipe walls at concentrations as 
low as 0.02 mg/L. These coatings may slough off as precipitates causing the black colour to 
the water (NHMRC, 2011). In distribution systems, manganese coatings occur in almost all 
types of pipes including cast iron, iron, PVE, and HDPE (Postawa and Hayes, 2013). 
 
There is no direct evidence showing that manganese is responsible for any odour in drinking 
water. However, chlorination residuals may cause odour incidents while chlorination is 
considered as one of the treatment methods of manganese removal (NHMRC, 2011, Postawa 
and Hayes, 2013). Therefore, such disinfection process should be operated carefully to avoid 
odour issues. 
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2.1.5 Health Perspectives 
Manganese is an essential element for all species, human in particular, it is considered as an 
essential mineral nutrient needed for proper functioning of the human body. Manganese acts 
as an enzyme co-factor for those enzymes involved in carbohydrate, amino acids, proteins, 
lipid and sterol metabolism as well as in the generation of cellular energy-ATP. Manganese is 
involved in many functions of organ systems including immune function, blood sugar 
regulation, production of cellular energy, reproduction, digestion and bone growth (WHO, 
2004). The main source of manganese of the human body is from food. Nuts, grains, fruits, 
legumes, tea, leafy vegetables, infant formulas as well as some meat and fish are rich in 
manganese. Daily consumption of manganese from food is ranged between 0.7 to 10.9 mg/day. 
Vegetarians and heavy tea drinkers can have a higher consumption of manganese (USHHS, 
2012). For the consumption of manganese from water, a health-based value of 400 µg/L is 
recommended by the WHO guidelines (WHO, 2004). 
 
The toxic effects of manganese depend on several factors, which are exposure level, route of 
exposure, chemical form, the age, nutritional and health status. Manganese exposure from the 
oral route is first absorbed from the gut in the form of Mn2+ and then reaches the blood and 
spreads through the body (Postawa and Hayes, 2013). 
 
Manganese effects occur primarily in the respiratory tract and in the brain. Manganese 
poisoning can cause hallucinations, forgetfulness and nerve damage. Diseases such as 
Parkinson's disease, lung embolism and bronchitis can also result from manganese poisoning. 
Manganese may lead to a syndrome which has symptoms including schizophrenia, dullness, 
weak muscles, headaches and insomnia. Another severe syndrome can be caused by inhalation 
of high levels of manganese compounds which are known as "manganism". It has symptoms 
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like Parkinson's disease, such as weakness, anorexia, muscle pain, apathy and slow speech, 
monotonous tone of voice, emotionless facial expression and slow movement of limbs. 
However, as manganese is an essential element, insufficient manganese in the human body 
may lead to fatness, glucose intolerance, blood clotting, skin problems, lowered cholesterol 
levels, bone disorder, birth defects, changes of hair colour and neurological symptoms 
(Postawa and Hayes, 2013). 
 
Children and infants are more vulnerable to those negative health effects of manganese due to 
the sensitivity of the nervous system, different level of bile excretion and gastrointestinal 
absorption. It is noted that manganese concentration in infant formulas is significantly greater 
than in breast milk (Postawa and Hayes, 2013). 
 
2.1.6 Regulations and Guidelines for Mn in Drinking Water 
There are different regulations and standards on manganese concentration of drinking water in 
different countries and regions. Australia has set values in the Australian Drinking Water 
Guidelines at 0.1 mg/L for aesthetic limit and 0.5 mg/L for health limit. Also, there is a 
recommended discretionary target of 0.01 mg/L for Australian water treatment plants 
(NHMRC, 2011). According to the WHO guidelines, there are standards at 0.4 mg/L for 
toxicity and 0.1 mg/L for prevention of dirty water. The guideline value of 0.4 mg/L is based 
on the upper limit of manganese intake of 11 mg/day, which represents the concentration that 
will not result in any significant risk to health over a lifetime of consumption (WHO, 2011). In 
Europe, the Council Directive 98/83/EC indicate a parametric value at 0.05 mg/L. In an earlier 
version, the Council Directive 75/440/EEC classified the manganese concentration into three 
categories and standard methods of treatment for each category. Category A1 at 0.05 mg/L 
requires simple physical treatment and disinfection, category A2 at 0.1 mg/L requires normal 
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physical treatment, chemical treatment and disinfection, category A3 at 1 mg/L requires 
intensive physical and chemical treatment, extended treatment and disinfection. In the US, 
manganese is considered as non-toxic but may lead to acceptability issues. Therefore, 
manganese standard is only included in the 'National Secondary Drinking Water Regulation' 
instead of the 'National Primary Drinking Water Regulations'.  The secondary maximum 
contaminant level for manganese by USEPA is 0.05 mg/L (Postawa and Hayes, 2013). Overall, 
Mn concentration at 0.4-0.5 mg/L in drinking water is commonly considered as a health limit 
to avoid the toxicity of manganese. The aesthetic standard is commonly set to be 0.1 mg/L to 
prevent dirty water events. In the US and Europe, they have a recommended value at 0.05 mg/L. 
 
2.2Analytical Methods 
Many analytical methods are available for determining the content of manganese in the water. 
These methods can be classified into four main classes: colorimetric methods, electrochemistry 
methods, atomic absorption spectroscopy and inductively coupled plasma spectrometry. 
Several factors need to be considered in analytical method selection, for example, detection 
limit, data quality and cost. 
 
2.2.1 Colorimetric Methods 
This method involves the reaction of the metal ion with a reagent, which is able to produce 
coloured substances, related to the concentration of metal and their intensity is then determined 
by the ability to absorb light at a specific wavelength in the UV-visible region. This type of 
method is commonly used for field test measurement, emergency kits and for supporting the 
activities at treatment plants. colorimetric method is generally limited by the presence of other 
reactive metal ions which may enhance or suppress the analyte concentration. The typical 
detection range of colorimetric methods is 10-5000 µg/L (Postawa and Hayes, 2013). 
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2.2.2 Electrochemical Methods 
Electrochemical methods are designed for measurement of potential and current of due to the 
analyte in the electrochemical cell. The detection limit can be as low as ng/L. Precise pH control 
is important for electrochemical methods (Postawa and Hayes, 2013). 
 
2.2.3 Atomic Absorption Spectroscopy 
Flame atomic absorption spectroscopy (AAS) is a commonly used method for manganese 
measurement. The flame that consumes air/acetylene or nitrous oxide/acetylene is acting as an 
energy source to produce free atoms. Free atoms in the sample absorb the light beam that passes 
through the flame. It only takes around 15s to analyse each sample, and it can be automated for 
several samples. Other advantages of this method include relatively low cost and requiring 
small quantities of sample (Postawa and Hayes, 2013). There are three optimum working 
ranges for the different wavelengths which are 20-5000 µg/L at 279.5 nm, 500-6000 µg/L at 
403.1 nm and 100000-14000000 µg/L at 321.7 nm (Agilent-Technologies, 2015). 
 
2.2.4 Inductively Coupled Plasma Spectrometry 
Inductively coupled plasma (ICP) methods are classified into optical emission (ICP-OES) and 
mass spectrometry (ICP-MS). ICP-OES involves argon plasma that vaporises the sample and 
elevates atoms into excited states. The concentration of the sample can be calculated by the 
number of excited atoms. ICP-MS uses argon plasma to generate charged ions from elemental 
species and determine the number of atoms by its ‘mass/charge’ ratio. Typical ranges of ICP-
OES and ICP-MS for manganese are 0.4-1 µg/L and 0.0001-0.0005 µg/L respectively (Postawa 
and Hayes, 2013). 
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2.3 Methods for Manganese Control 
The oxidation reaction is essential for manganese removal from drinking water; it requires the 
oxidation from Mn (II) to Mn (IV). Compared to the oxidation of iron Fe (II) to Fe (III)), 
removal of manganese is relatively more difficult due to the reaction is oxidation by two 
degrees of valence instead of one, which requires higher redox potential. 
 
2.3.1 Aeration 
Aeration is able to oxidise Mn (II) slowly into Mn (IV) as it provides dissolved oxygen (DO) 
to the water.  This oxidation process is an autocatalytic process which can be expressed by 
Equations 2.1-2.3 (Crittenden et al., 2012). 
 
𝑴𝒏𝟐+ + 𝟎. 𝟓𝑶𝟐
𝒔𝒍𝒐𝒘
→  𝑴𝒏𝑶𝟐(𝒔)     Equation 2.1 
𝑴𝒏𝟐+ +𝑴𝒏𝑶𝟐(𝒔)
𝒇𝒂𝒔𝒕
→  𝑴𝒏𝟐+ ∙ 𝑴𝒏𝑶𝟐(𝒔)     Equation 2.2 
𝑴𝒏𝟐+ ∙ 𝑴𝒏𝑶𝟐(𝒔) + 𝟎. 𝟓𝑶𝟐
𝒔𝒍𝒐𝒘
→  𝟐𝑴𝒏𝑶𝟐(𝒔)     Equation 2.3 
 
The effectiveness of the oxidation is quite low unless the pH is greater than 9. It is not practical 
to solely rely on aeration as most drinking water sources exist at pH 6-8 (Granger et al., 2014). 
Even the pH reaches 9; it would take about 1 hour to oxidise Mn2+ into MnO2 completely. From 
a stoichiometric standpoint, 1 mg of oxygen can oxidise 3.4 mg of soluble manganese. The 
relationship between pH and oxidation rate of Mn2+ by oxygen is illustrated in Figure 2.2. In 
addition, some of the Mn2+ is found to be adsorbed onto MnO2 particles during the autocatalytic 
process instead of being converted into MnO2 (Crittenden et al., 2012). 
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Figure 2.2: Impact of pH on oxidation rate of Fe (II) and Mn (II) by oxygen (Crittenden et al., 2012). 
 
2.3.2 Chemical Oxidation 
The commonly used oxidants in conventional chemical oxidation process include chlorine, 
chlorine dioxide, potassium permanganate and ozone. Use of chlorine involves in chlorination 
process followed by a treatment train consisting of coagulation, clarification and filtration 
(Martynova, 2013, Lei et al., 2016). Chlorine dioxide and potassium permanganate are stronger 
oxidants when it compared to chlorine. Use of ozone involves in ozonation process which is 
commonly used to replace chlorination in biological processes. Table 2.1 shows the 
stoichiometric oxidant demand for Mn (II) oxidation with each oxidant. 
 
 
 
18 
 
Table 2.1: Stoichiometric oxidant demand for Mn (II) oxidation (Postawa and Hayes, 2013). 
Oxidant Stochiometric oxidant demand (mg 
oxidant/ mg Mn2+) 
Cl2 1.29 
ClO2 2.45 
KMnO4 1.92 
O3 0.88 
 
 
2.3.2.1 Oxidation with Chlorine 
Traditionally, oxidation by chlorine was the main method of manganese control. The process 
train was chlorination-coagulation-clarification-filtration. The reaction can be expressed by 
Equation 2.4 (Postawa and Hayes, 2013). 
 
𝑴𝒏𝟐+ +𝑯𝑶𝑪𝒍 + 𝑯𝟐𝑶 → 𝑴𝒏𝑶𝟐(𝒔) + 𝑪𝒍
− + 𝟑𝑯+     Equation 2.4 
 
This oxidation process requires a pH between 8.0 and 8.5 and takes approximately 2 to 3 hours 
to oxidise the Mn2+ completely. The presence of ammonia can reduce oxidation rate due to the 
transformation from chlorine to chloramines (Crittenden et al., 2012). When excessive Mn (II) 
is continuously entering the distribution system, increasing chlorination level may not reduce 
manganese deposition. Consequently, it can cause more serious deposition and influence the 
chemical oxidation process (Postawa and Hayes, 2013). Also, it is noted that free chlorine from 
19 
 
the chlorination process inhibits biological activities in downstream biofiltration process 
(Hoyland et al., 2014). 
 
2.3.2.2 Oxidation with Chlorine Dioxide 
Chlorine dioxide is considered to be a stronger oxidant than chlorine. It is commonly used as 
a pre-oxidant or secondary disinfectant instead of primary disinfectant due to its cost (NHMRC, 
2011). When pH is at 5.5 or higher, the full oxidation of Mn2+ can be finished in approximately 
20s (Crittenden et al., 2012). The reaction can be expressed as in Equation 2.5 (Postawa and 
Hayes, 2013). 
 
𝑴𝒏𝟐+ + 𝑪𝒍𝑶𝟐 + 𝟐𝑯𝟐𝑶 → 𝑴𝒏𝑶𝟐(𝒔) + 𝟐𝑪𝒍𝑶𝟐
− + 𝟒𝑯+    Equation 2.5 
 
2.3.2.3 Oxidation with Potassium Permanganate 
Potassium permanganate is another stronger oxidant, which is higher in cost than chlorine. The 
complete oxidation can be finished within 20s, with the presence of natural organic matter 
(NOM) at pH 5.5, and the oxidation rate increases while pH increases. Potassium permanganate 
is commonly used as an additional oxidant when Fe2+ and Mn2+ are both present, where chlorine 
is used for Fe2+ oxidation in the beginning, followed by potassium permanganate for manganese 
oxidation. The reaction can be expressed using Equation 2.6 (Postawa and Hayes, 2013). 
 
𝟑𝑴𝒏𝟐+ + 𝟐𝑴𝒏𝑶𝟒
− + 𝟐𝑯𝟐𝑶 → 𝟓𝑴𝒏𝑶𝟐(𝒔) + 𝟒𝑯
+     Equation 2.6 
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The oxidation operation should be controlled carefully as excessive KMnO4 can give pink 
colour to the water. It is critical to avoid consumer complaints with appropriate dose range, 
especially for the water source with Mn fluctuations such as reservoirs (Crittenden et al., 2012). 
 
2.3.2.4 Oxidation with Ozone 
Compare to the other oxidants mentioned earlier, and ozone is the costliest one. It is widely 
accepted in Europe for Mn control. It is also very effective in reducing colour and taste in 
drinking water (NHMRC, 2011). It shows synergism when combined with the filtration process 
for Mn control (Snyder, 2013). The reaction can be expressed by Equation 2.7 (Postawa and 
Hayes, 2013). Also, ozone dose requires careful control, which overdosing can cause the 
formation of permanganate which gives a pink colour to the water. 
 
𝑴𝒏𝟐+ + 𝑶𝟑(𝒂𝒒) + 𝑯𝟐𝑶 → 𝑴𝒏𝑶𝟐(𝒔) + 𝑶𝟐(𝒂𝒒) + 𝑯
+     Equation 2.7 
 
2.3.3 Ion Exchange 
Ion exchange is effective for removing Mn2+ at low concentration (<0.5 mg/L) from 
groundwater. This process involves typical ion exchanger such as a strong-acid cation (SAC) 
exchange resin, resin particles adsorb the undesired metal ions on the active sites and release 
sodium ions as an exchange (Crittenden et al., 2012). Ion exchange has been utilised to promote 
the efficiency of the filtration process in which resins act as an additional layer of media (Yuce 
and Alptekin, 2013). However, there is some limitation of ion exchange for Mn removal, as 
clogging could develop rapidly on the exchange column at high Mn concentration (> 0.5 mg/L) 
(Lei et al., 2016). Ion exchange applications for Mn removal are mostly limited to the treatment 
of industrial water (Postawa and Hayes, 2013). 
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2.3.4 Membrane Processes 
Both reverse osmosis and nanofiltration are effective for soluble Mn removal. However, the 
oxidised manganese is able to foul the membrane and lead to decrease in effectiveness. Some 
recent studies indicate that the fouling of membranes could be mitigated significantly under 
anaerobic operation conditions (Crittenden et al., 2012). 
 
Ultrafiltration systems also have applications for Mn removal. Ultrafiltration is normally 
combined with a chlorination process. Research indicated that in the absence of chlorine, Mn 
removal efficiency is negligible. At chlorine dosage of 3 mg/L, manganese removal increased 
significantly to around 80%. However, at chlorine dosage of 5 mg/L, treatment efficiency was 
not increased, serious fouling of the membrane system was observed. The fouling was due to 
oxidised manganese particles formed after passing through the membrane pores and blocking 
up the pores during backwashing (Choo et al., 2005). A cost analysis has been conducted on 
small and medium capacity facilities based on rapid sand filtration process and membrane 
process. The initial cost of both small- and medium-capacity membrane processes was smaller 
than rapid sand filtration process. However, the expendables cost (electrical and chemical) and 
maintenance cost (cleaning and replacement of membranes) are much higher than the 
conventional processes (Jimbo and Goto, 2001). 
 
2.3.5 Stabilisation Process 
The chemical involved in the stabilisation process is called sodium hexametaphosphate, 
(NaPO3)6 (SHMP), also known as polyphosphate, glassy phosphate, or polysilicate. It is not to 
directly remove the soluble Mn2+, but to hold those undesirable aesthetic aspects of the water 
and degrade over time (Crittenden et al., 2012). When soluble Mn and Fe are both present, this 
process is recommended to place before chlorination or aeration due to the low effectiveness 
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when iron already present as Fe (III) form (Postawa and Hayes, 2013). It is suitable for water 
contains 0.05-0.1 mg/L manganese. However, this process can cause biological growth due to 
phosphate is generated as a by-product (Crittenden et al., 2012). 
 
2.3.6 Adsorption 
The use of Mn sorption and catalytic oxidation typically involves with greensand media or Mn 
oxide coated filter media (Knocke et al., 1991, Horner-Richardson, 2014). The greensand 
process is the use of glauconite media coated with MnOx where this MnOx coating has a 
significant adsorptive ability for Mn (II) uptake. The adsorbed Mn (II) is to be oxidised by 
oxidants such as permanganate or free chlorine; the MnOx coating is then able to form a new 
sorption site (Brandhuber et al., 2013). 
 
For the catalytic oxidation, sand and anthracite are the commonly used filter media to form the 
Mn-oxide coating. The catalytic oxidation of Mn was reported to achieve a constant removal 
at <0.015 mg/L from raw water with Mn concentration up to 0.2 mg/L in a relatively fast 
reaction rate, which was claimed as more effective than chemical oxidation (Horner-
Richardson, 2014). The Mn-oxide coating can be achieved by adding KMnO4 with optimum 
feed rate to filter. This process is very effective at pH 7.5 and generally uses pressure filtration 
for Mn removal. Media is required to regenerate with KMnO4 periodically (Crittenden et al., 
2012). 
 
2.3.7 Lime Treatment 
Lime treatment is very effective in removing Mn2+. The process requires pre-aerated water, 
with pH higher than 9.8 and sufficient presence of alkalinity (> 20 mg/L as CaCO3). It is 
considered more costly than other Mn removal processes due to its high capital costs 
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(Crittenden et al., 2012). Moreover, the lime treatment process would generate significant 
amounts of sludge during the treatment, which is difficult and costly to handle and dispose of 
in many cases (Bergman, 1995). However, a cost analysis estimated that although the capital 
cost of lime treatment is higher than another process such as ion exchange and nanofiltration, 
its operating cost is less than the others (Dan, 2010).  
 
2.3.8 Microbiological Oxidation 
Traditionally, Mn removal relied on single or combination of those above-mentioned 
conventional treatment processes (Knocke et al., 1991, Mouchet, 1992, Burger et al., 2008a, 
Qin et al., 2009, Crittenden et al., 2012, Postawa and Hayes, 2013, Snyder, 2013, Yuce and 
Alptekin, 2013). Between the 1960s and 1980s, Mn removal efficiency of the conventional 
processes was far from satisfactory. In the US, only 50-60% of treatment plants could produce 
water that met standards of manganese level. In France, a third of treatment plants did not yield 
consistently satisfactory result. These unsatisfactory results indirectly promoted the 
development of biological removal processes (Mouchet, 1992). 
 
Iron was the first element that the biofiltration process was implemented for its removal. 
Because of the similarity of Fe and Mn, biofiltration for manganese removal was developed at 
the same time. However, the progress of such development was relatively slower, mainly due 
to the demand for Mn removal was less often than Fe, and the process was more complex 
(Mouchet, 1992). 
 
Mn (II) can be oxidised to insoluble Mn (III, IV) oxides through both abiotic and biotic 
processes in the environment. The biological manganese oxidation process that can be carried 
out by bacteria or fungi is much faster than the abiotic oxidation process. Therefore, the 
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formation of manganese oxides is considered to be primarily caused by microbial processes 
(Tebo et al., 2010). With the involvement of manganese oxidising bacteria (MOB), oxidation 
of Mn (II) can be accelerated. MOB is a specific group because of their ability to oxidise 
divalent manganese ion Mn (II) to MnO2. The reaction of bacterial manganese oxidation can 
be expressed by Equation 2.8 (Mouchet, 1992). 
 
𝑴𝒏𝟐+ + 𝟎. 𝟓𝑶𝟐 +𝑯𝟐𝑶 ↔ 𝑴𝒏𝑶𝟐 + 𝟐𝑯
+    Equation 2.8 
 
The Mn (II) oxidation proceeds via two one-electron steps, oxidation of Mn (II) to Mn (III) and 
Mn (III) to Mn (IV). With the presence of complexing organic or inorganic ligands, Mn (II) is 
able to oxidise to a soluble Mn (III) complex, this complex can then be either stable in solution 
or further oxidise to Mn (IV) oxides. Figure 2.3 illustrates the pathway of microbial manganese 
oxidation (Tebo et al., 2010). 
 
 
Figure 2.3: Pathway of microbial manganese oxidation (Tebo et al., 2010) 
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Biological manganese oxidation occurs at Eh between 300 and 400 mV and typically at pH 
above 7. However, it was reported biological manganese oxidation could occur around pH 6.3, 
as the manganese oxidising bacteria were isolated from low pH habitats (Burger et al., 2008b). 
Several factors may negatively affect the development of manganese bacteria, including the 
presence of ammonium and phosphate ions as well as decreased temperature (Tebo et al., 2010, 
Crittenden et al., 2012). Nevertheless, a recent study showed that adding trace amount of 
phosphorus as a nutrient, which was believed that could enhance the microbial growth and 
biological stability (Lehtola et al., 2002, Fang et al., 2009), and the result showed the Mn 
removal efficiency was enhanced by 8-12% (Granger et al., 2014). 
 
A large population of manganese oxidising bacteria can be established in the filter media, and 
the reaction rate is generally faster for biological treatment process compared with the 
physiochemical treatment processes. The cost of biological treatment is commonly less than 
conventional processes (Kohl and Medlar, 2006). 
 
2.4 Manganese Oxidising Bacteria 
Heterotrophic bacteria are introduced to colonise media surface and form a biofilm that can 
degrade organic compounds and micropollutants (Crittenden et al., 2012). In the current study, 
as the manganese oxidising bacteria (MOB) are essential for the biological Mn removal process, 
the characteristics of the MOB will be introduced in this section. 
 
The MOB group is a phylogenetically diverse assemblage, which is characterised by its ability 
to catalyse the oxidation process of soluble divalent Mn (II) to insoluble manganese dioxide 
MnO2. Many other organisms also have the ability to do so, including fungi, algae and 
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eukaryotes (Nealson, 2006). Among the prokaryotes, many members of the phylogenetic and 
physiological groups can oxidise Mn, including cyanobacteria, sheathed bacteria (Leptothrix-
like), budding bacteria (Hypomicrobium-like), purported autotrophic strains related to 
Pseudomonas and Metallogenium group (Nealson, 2006). 
 
MOB reported in the previous research include Leptothrix, Crenothrix, Pedomicrobium, 
Hyphomicrobium, Siderocaspsa, Metallogenium, Siderocytes, Gallionella, Pseudomonas, 
Bacillus and Brevundimonas (Ghiorse, 1984, Hope and Bott, 2004, Pacini et al., 2005, Nealson, 
2006, Burger et al., 2008a, Qin et al., 2009, Hoyland et al., 2014).  
 
Similar to biological NOM removal, the strength of Mn removal is not only determined by the 
number of bacteria (Burger et al., 2008a). Moreover, unlike the Fe and ammonia oxidising 
bacteria which can start oxidising immediately after inoculation, Mn requires a relatively 
longer start-up period to slowly reach its maximum oxidising capacity (Cai et al., 2015). 
 
2.4.1 Habitats 
Manganese oxidising bacteria can be isolated from nearly any habitat. Manganese oxidiser 
habitats include deep-sea manganese nodules, hydrothermal vent plumes, oxic/anoxic 
interfaces in fjords, desert varnish, manganese deposits in water pipes, manganese-rich surface 
films of shallow lakes (Ghiorse, 1984), and freshwater lake sediments. The numbers of MOB 
is generally very high in those habitats containing high Mn concentrations and those where Mn 
cycling is an active process (Nealson, 2006). 
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2.4.2 Enrichment and Isolation of MOB 
Additional natural enrichments are generally not required for those Mn (II) oxidisers found in 
an active process and high Mn concentration habitats. Long term laboratory enrichment can be 
achieved by adding sufficient MnCl2 to marine sediment samples (Nealson, 2006). The 
laboratory enrichment process is very slow which takes from 3 months to 1 year to finish. Most 
MOB can be easily obtained from pure culture and grow well in both liquid and solid media. 
Several key factors are affecting the growth of MOB, which are carbon source, pH, vitamins, 
Mn source, Mn concentration, continuous culture and autoclaving. The effects of these aspects, 
as well as some sample media, have been summarised by Nealson, which are described briefly 
as below (Nealson, 2006). 
 
2.4.2.1 Carbon Source 
Acetate, succinate, glycerol, glucose and even amino acids are commonly used carbon source 
for the growth of Mn oxidisers. It is noted that some of these carbon sources may influence the 
pH of the media (Nealson, 2006). Pure cultures can be grown by using media solutions which 
provide carbon substrate to the cultures (Snyder, 2013). 
 
2.4.2.2 pH 
As mentioned above, Mn oxidation is pH dependent. HEPES buffer solution (N-2-
hydroxyethlypiperazine_N’-2-ethanesulphonic acid) is commonly used pH adjuster for the 
growth of Mn oxidiser (Nealson, 2006). 
 
2.4.2.3 Vitamin 
In most media that used for MOB growth, researchers routinely added vitamin solution or yeast 
extract into the medium (Nealson, 2006). 
28 
 
2.4.2.4 Mn Source 
Manganese acetate, manganese carbonate, manganese chloride and manganese sulphate are 
commonly used as extra Mn source during the inoculation process (Krumbein and Altmann, 
1973, Ghiorse, 1984, Kepkay and Nealson, 1987, Nealson, 2006). It is recommended to add 
them after the autoclaving. 
 
2.4.2.5 Mn concentration 
Traditionally, Mn (II) hardly exceeds 0.05-0.27 mg, and concentration higher than 0.54 mg can 
cause its toxicity (Nealson, 2006). However, the use of K medium is able to avoid the toxicity 
with high concentration (Kepkay and Nealson, 1987). 
 
2.4.2.6 Autoclaving 
Most media that are commonly used for MOB growth can be sterilised by autoclaving. It is 
recommended that filter sterilize the stock solutions before adding to growth media (Nealson, 
2006). 
 
2.4.3 Identification of Manganese Oxidising Bacteria 
Manganese oxidising bacteria can be identified by detection of brown or black solid Mn oxides 
around the cells. There are several methods can be applied to identify the MOB (Ghiorse, 1984). 
Benzidinium hydrochloride reagent and leukoberbelin blue (LBB) reagent are two indicators 
that change the colour of Mn oxides into blue colour. Mn oxides can be easily identified by 
flooding the plates with these reagents (Krumbein and Altmann, 1973). It is noted that staining 
by Benzidinium hydrochloride can be influenced by iron oxides (Nealson, 2006). MOB can 
also be identified by monitoring the change of soluble Mn (II) in the growth medium, and this 
can be achieved by measurements via atomic absorption spectroscopy (AAS) (Nealson, 2006). 
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MOB can be examined by transmission electron microscopy (TEM), and it is able to show the 
relationship between the cells and Mn oxides clearly (Ghiorse, 1984). However, scanning 
electron microscopy (SEM) is not recommended for the identification of MOB, where MOB 
coated with Mn oxides may not be identified as bacteria under SEM (Nealson, 2006). 
 
In the previous investigation into the microbes-induced Mn removal and release in the raw 
water pipeline of the Lorne WTP, a cutting-edge technology known as metagenomic analysis 
has been utilised (Fan et al., 2016). The analysis employed the prokaryotic 16s ribosomal RNA 
(rRNA) gene which contains variable and conserved regions. By the isolation, library 
preparation and sequencing the DNA (Illumina, 2014), the species-level identification of MOB 
population can be delivered. Top MOB species presenting in the raw water of Lorne WTP were 
identified as Hyphomicrobium spp. (37%), Bacillus subtilus (20%), Leptothrix spp. (19%), 
Crenothrix polyspora (18%), Gallionella ferruginea (5%) and Pedomicrobium ferrugineum 
(1%) (Fan et al., 2016). 
 
2.4.4 Inoculation of MOB 
Traditionally, the establishment of Mn oxidising biofilms takes 4-6 weeks for full-scale studies 
(Mouchet, 1992). A lab-scale research in China showed the inoculation process could be 
completed within 15 days. Pure culture broth was cultivated five times, and each cultivation 
lasted for 3-4 days. The medium supporting the inoculation was initially 100% PYG medium, 
in every new inoculation, the proportion of PYG was reduced by 20%, and proportion of raw 
water was increased by 20% (Qin et al., 2009). Another research aimed at accelerating 
maturation time of Mn oxidising biofilm by recirculating dilute growth media solution with an 
initial concentration of 2-3 mg/L for 30 hours which achieved remarkable growth of 
monoculture of L.discophora SP-6.  Using the same inoculation method, both lab-scale and 
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pilot scale biofilters could achieve noticeable Mn removal in one week. More recent research 
using the methods recommended above inoculated a mixture of six MOB strains into four 
columns and no Mn removal was observed in the first 30 days (Hope and Bott, 2004). However, 
after a few technical adjustments and a re-inoculation, Mn removal was observed in two 
columns within one week, in one column within three weeks (Hoyland et al., 2014). 
 
2.5 Biological Treatment Applications 
Nowadays, various processes have been developed and implemented for biological Mn 
removal, such as biological aerated filter (BAF) (Mouchet, 1992, Abu Hasan et al., 2013), 
biological roughing up-flow filtration (Pacini et al., 2005), biological trickling filter (Gouzinis 
et al., 1998, Tekerlekopoulou et al., 2008), ozone enhanced biological filtration (Evans et al., 
2010), fixed-film bioreactor (Snyder, 2013) and MBR-PAC bioreactor (Du et al., 2017). 
 
Biological Fe and Mn removal has been implemented for decades and is now mainly used in 
France, USA and Canada with plant capacities ranging between 380 m3/day and 98,000 m3/day. 
There are over 100 applications using biological Fe and Mn process, with a total capacity of 
775,000 m3/day (Bonnelye and Vanweydeveld, 2016). 
 
Biological treatment is becoming more favoured due to its many advantages over the 
conventional physical and chemical treatments. These advantages include higher cost 
effectiveness, less consumption in chemical oxidants (Burger et al., 2008b), decrease in 
disinfectant by-products (Snyder, 2013) and relatively high productivity (Mouchet, 1992). 
Biofiltration, also known as biologically active filtration, incorporates biological activity into 
granular filtration process. It is one of the most widely used biological Mn removal processes 
due to ease of implementation and high quality of effluent. The following sections provide 
31 
 
more information about the application of biofiltration for Mn control in drinking water supply 
systems.  
 
2.5.1 Biofilter Media 
Granular media filtration is affected by properties of filter media and filter bed. These 
properties include grain size, size distribution, density, shape, hardness, bed porosity and 
specific surface area (Crittenden et al., 2012). The commonly used filter media are sand, 
anthracite coal, garnet, ilmenite and granular activated carbon (Crittenden et al., 2012). Other 
materials were studied for biofiltration processes, such as pebbles and gravel (Hope and Bott, 
2004).  Some of these media are used alone in the filters and some used in combinations. 
Typical rapid filtration systems can be classified into four types: monomedia, deep-bed 
monomedia, dual media and mixed media. Monomedia filters contain one type of media, such 
as sand for conventional designs and anthracite or GAC for greater filtration capacity. Dual 
media and mixed media filters usually have different layers of media and are more robust than 
monomedia filters (Crittenden et al., 2012). 
 
Filter materials are found in a granular state in nature or must be crushed to the desired size. 
Size distribution of most material is greater than desirable filtration media. Therefore, filtration 
media are processed to remove the undesirable grain size by sieving and washing. Media size 
distribution is characterised with effective size and uniformity coefficient, which are important 
parameters for filter designs (Crittenden et al., 2012). Material density influences the 
fluidization and settling velocities of filter media, and also decides the layer order of multiple 
media filters (Crittenden et al., 2012). 
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Sand, anthracite and GAC have commonly used media for biological filtrations. Some studies 
showed these media performed similarly, while others indicated that GAC media has certain 
advantages due to better attachment surface to establish and protect biofilm and better stability 
in lower temperatures (Crittenden et al., 2012). A study that compares the performance of filter 
media for full-scale biological Mn filtration in Manchester drinking water treatment plant 
indicated that GAC based biofilter provided overall better Mn removals and consistency than 
anthracite based one. The removal efficiencies of GAC and anthracite biofilter throughout a 
whole year were at 46-85% and 0-74%, respectively.  It is also observed that anthracite 
biofilters contain less active biological community than the GAC one (Horner-Richardson, 
2014). However, in another study comparing the sand media and sand-garnet dual media 
biofiltration systems, the Mn removal was found to be comparable, but the sand based biofilter 
could allow 40% higher flow rate than the dual media one (Baudish et al., 2010). 
 
2.5.2 Operation Conditions of Biofiltration Process 
The use of manganese oxidising bacteria in the biofiltration process for Mn control was 
originally summarised by Mouchet, (1992). The key factors that can influence biofiltration 
include pH, dissolved oxygen (DO), temperature, Mn concentration, hydraulic loading rate, 
empty-bed contact time and others (Mouchet, 1992, Pacini et al., 2005, Horner-Richardson, 
2014, Hoyland et al., 2014). 
 
2.5.2.1 pH 
pH is considered to be a significant factor determining the solubility of manganese and its 
migration in groundwater. The chemical oxidation of manganese is slow at pH 7.5 and more 
rapid at pH 9 and above (Postawa and Hayes, 2013). As for the biological Mn removal, it is 
believed to be only effective at pH 7-7.4 in the early studies (Mouchet, 1992). A more recent 
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study tested biofiltration for Mn removal at lower pH of 6 and higher pH of 9-11, the results 
showed a better removal rate at pH 6. However, the bacteria used for biofiltration at pH 6 
naturally existed at that pH level, this could explain why the biofiltration process showed better 
performance at pH 6 than pH 9-11 (Granger et al., 2014). Another two studies indicated that 
biological Mn removal could be achieved over a greater pH range than that previously believed. 
Their experiments show better removal rate and shorter reaction time at pH 6.3-6.5 than pH 
7.4 (Burger et al., 2008b, Hoyland et al., 2014). 
 
For biological removal of both Fe and Mn, pH adjustment is a significant process. Iron 
oxidising bacteria (IOB) and manganese oxidising bacteria favour different pH level. Therefore, 
it is not practical to simultaneously achieve Fe and Mn removal in a single reactor. In that case, 
the typical treatment train for biological removal of both Fe and Mn is aeration- Fe biofiltration- 
aeration- pH adjustment- Mn biofiltration- disinfection (Mouchet, 1992). 
 
2.5.2.2 Dissolved Oxygen 
The typical DO requirement for biological Mn removal found in previous studies is that of 
greater than 5 mg/L (Hoyland et al., 2014). It has been noted previously that biological Fe 
removal only requires DO of 1.4 mg/L (Postawa and Hayes, 2013), which also explains the 
two separate aeration processes in a biological Fe and Mn removal treatment train. 
 
2.5.2.3 Temperature 
Typical temperature requirement was not included in the earlier studies of biological Mn 
removal. However, several recent studies indicated that temperature was influencing oxidative 
activities in biofilters. The historical data from Manchester WTP showed full oxidation of 
removed Mn in summer and partial oxidation of removed Mn in winter (Horner-Richardson, 
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2014). Another study conducted a temperature test simulating mild winter weather (7 °C) in 
the lab. The result showed that MOB could not only survive and recover from the cold 
temperature but also maintained oxidative activity throughout the colder temperature (Hoyland 
et al., 2014). It is believed that inoculated media was able to recover in the short term after 
influencing by cold temperature or a long period of shutdown during winter (Mouchet, 1992, 
Granger et al., 2014, Hoyland et al., 2014). 
 
2.5.2.4 Mn concentration 
Mn concentration variation in surface water is common at many treatment plants. A Mn 
concentration stress test was conducted to simulate the increase or decrease in Mn 
concentration of influent. Results indicated that changes in the effluent were insignificant, also 
can be addressed by changes in the upstream treatment process and acclimating MOB to higher 
Mn level (Hoyland et al., 2014). However, it should be noted that the Mn concentration in the 
test was very low (<0.2 mg/L), whereas in the current project, Mn spikes can be as high as >1 
mg/L. 
 
2.5.2.5 Flow Rate and Empty Bed Contact Time 
Traditionally, full-scale biofiltration for Mn removal processes was believed to have faster 
hydraulic loading rate than those conventional physiochemical process (Mouchet, 1992). 
Typical empty-bed contact time for biofiltration process is between 15-25 minutes (Hope and 
Bott, 2004, Burger et al., 2008b, Granger et al., 2014, Hoyland et al., 2014). One study was 
conducted with a hydraulic loading rate test simulating the increase or decrease in demand in 
the water treatment plant. Results showed that short term change in flow rate did not have a 
significant influence on biological Mn removal process. However, long term change in flow 
rate led to shifting of Mn removal profile over time (Hoyland et al., 2014). 
35 
 
 
2.5.2.6 Other Factors 
Other factors had been taken into account in the previous studies to verify if they have the 
ability to influence the oxidative activities in biofilters. Oxidation/reduction potential at 300-
400 mV is believed to be the optimum level for biological Mn removal (Postawa and Hayes, 
2013). 
 
2.6 Concluding Remarks 
The main concerns of manganese in drinking water are colour, taste and odour. Australia and 
the WHO have set guideline levels of Mn in drinking water at 0.05 mg/L. In order to control 
Mn in drinking water supply systems, many existing methods could be utilised, such as aeration, 
chemical oxidation, ion exchange, membrane process, stabilisation process, lime treatment and 
biological process. However, there are limitations to these methods, which is summarised in 
Table 2.2. 
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Table 2.2: Limitations of other existing Mn removal processes 
Manganese removal methods Limitations 
Aeration The reaction is slow and not very effective when pH is lower than 9. Not practical 
to solely rely on aeration for Mn removal. 
Chemical oxidation-  
Chlorine 
Optimum pH is within 8-8.5, it may take 2-3 hours to oxidise Mn2+ completely. 
Presence of ammonia reduces the Mn removal rate. 
Chemical oxidation- 
Chlorine Dioxide 
Rapid, but expensive. Commonly used for pre-oxidant or secondary disinfection. 
Chemical Oxidation- 
Potassium Permanganate 
Rapid, cost is higher than chlorine. Commonly used when Fe2+ and Mn2+ both 
present. Excessive KMnO4 can give pink colour to the water. Hard to carefully 
control for water source with Mn fluctuations such as a reservoir. 
Chemical Oxidation- 
Ozone 
Commonly combined with filtration process, overdosing can cause the formation 
of permanganate and give pink colour to the water. 
Ion exchange Effective for low Mn concentration removal from groundwater. Clogging of the 
ion exchange column may develop rapidly. 
Membrane process RO and NF are effective for Mn removal. However, the oxidised manganese can 
foul the membrane and decrease the effectiveness over time. High operation cost 
in electricity and chemicals 
Stabilisation process Effective for low Mn concentration (0.05-0.1 mg/L). It can cause biological growth 
as phosphate is generated as a by-product. 
Lime Treatment It is considered the most expensive method for Mn2+ removal. It generates a 
significant amount of sludge which is difficult and costly to handle or dispose of. 
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The biological treatment such as biofiltration has a number of advantages over the conventional 
processes including high-cost effectiveness, less chemical consumption and less disinfectant 
demand and so fewer disinfection by-products. Biofiltration is therefore considered as a 
potentially low-cost, environmentally friendly and high-efficiency process for treating high Mn 
content water. 
 
Although biofiltration processes had been reported to be quite effective in many studies, 
treatment of high Mn concentration (> 1 mg/L total Mn) was rarely reported. Thus, Mn removal 
efficiency of the biofilters would be the main focus to observe whether they could effectively 
remove the high Mn content and achieve the guideline value at 0.05 mg/L. In addition, 
operating conditions and raw water parameters would affect the performance of the biofilters, 
finding the optimum conditions would help demonstrate the effectiveness of the biofiltration 
system. Although several types of filter media have been evaluated in previous studies, mixed 
results were reported, and no clear information is available in terms of their stability of Mn 
removal over a relatively long operation term. Therefore, the current study would generate a 
comparison of the performance of sand and GAC media.  The MOB of the Lorne raw water 
was identified in the previous study by the cutting-edge 16s metagenomic analysis. Similar 
analysis could be conducted at the end of the study to identify the MOB species established in 
the biofilters and help understand their performance. As mentioned above, biofiltration was 
considered as cost-effective and environmentally friendly. However, triple bottom line analysis 
has not been carried out for the biological Mn control processes. Preliminary cost analysis and 
life cycle assessment could evaluate the feasibility of the biofiltration systems in a more 
comprehensive way with the TBL approach.  As such, the main objectives were set up for this 
study, which has been provided in Chapter 1. The following chapters present the methodology, 
experimental results and the analyses for addressing the objectives. 
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 Chapter 3 Materials and Methods 
3.1 Raw Water Samples 
Several batches of raw water samples were collected from the inlet of Lorne WTP, Victoria 
from November 2016 to October 2017. The samples were stored at 4 °C before use for the lab 
tests and brought to room temperature prior to analyses and filtration experiments. 
 
3.2 Laboratory-scale Biofiltration Tests 
3.2.1 Filtration Media 
Sand and GAC were used as the filter media for the study. The sand was that commonly used 
for construction purpose and was sieved to an effective size of 0.6-1.2 mm. GAC (G1000N) 
was acquired from Activated Carbon Technologies Pty. Ltd (Victoria, Australia). According 
to the supplier, the GAC is designed for drinking water applications, with the effective size of 
0.8-1.1 mm. Before packed into the columns, all filter media were rinsed with and then 
immersed in Milli-Q water and aerated for 5 days. 
 
3.2.2 Biofiltration Set-up 
Two identical glass columns were set up for the study. The main dimensions of the columns 
are 30 cm in length and 2.5 cm in diameter (ID). The sand and GAC were packed separately in 
the two columns, the depth of filter media was 15 cm. The biofilters were run in the down-flow 
mode and kept in the dark by wrapping them with aluminium foil. 
 
Two peristaltic pumps (BT100M pump and DG-X pump head, Chuangrui, China) were used 
to feed the filtration columns, respectively. The empty-bed contact time (EBCT) for the 
filtration tests was set by controlling the effluent flow rate, e.g., at EBCT of 20 min, the effluent 
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flow rate was approximately 1 mL/min. Samples of influent and effluent were collected 
periodically for Mn (total and dissolved), DOC, UVA254 and DO analyses. Two glass three-
way connectors were used on the top of the filters to allow the overflow of the feedwater 
returning back to the feed tank. 
 
3.2.3 Inoculation 
The filter media were inoculated with MOB existing in the raw water pipeline of Lorne WTP 
at the start-up phase through the filtration of raw water obtained from the sampling tap of the 
WTP at a high-flow flush mode (i.e., flushing at approximately 2 L/s). The obtained raw water 
samples were high in total Mn concentration (0.5-1.2 mg/L). Significant amounts of black-
brownish sediments were observed in the raw water which was thought to be washed off from 
the raw water pipeline and contain particulate Mn and biomass/biofilm. Raw water was 
circulated at maximum pump speed (100 rpm) allowing maximum MOB contact with the filter 
media. Normally, the inoculation process would take 3-8 weeks. Therefore, an 8 weeks 
inoculation period was planned. Samples of influent and effluent were collected periodically 
for Mn concentration, DO, UVA254 and DOC analyses to determine whether the filtrationn 
columns were biologically active and ready for further experimental study.  
 
3.2.4 Biofiltration Setup Adjustment 
After the inoculation, preliminary tests were conducted, and initial results were considered 
invalid as the distribution of Mn mass in the system is not balanced. An overhead mixer was 
therefore employed for the feed tank to improve the mixing of raw water. In addition, a 20-L 
water bath and several 1-L ice packs were used to maintain the temperature of the biofiltration 
system below 20 °C to simulate the real conditions of the Lorne WTP. The schematic diagram 
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and picture of the biofiltration experimental set-up are shown in Figures 3.1 and 3.2, 
respectively. 
 
Figure 3.1: Schematic diagram of the laboratory-scale biofilters 
 
Figure 3.2: Picture of the laboratory-scale biofilters 
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3.2.5 Backwash 
Backwash was performed periodically to avoid clogging of the biofilters. The frequency of 
backwashing was once per week during the inoculation procedure and once per fortnight when 
conducting the biofiltration tests. Backwash normally carried out for 20-30 mins which were 
sufficient to remove the excessive particulates and biomass either on the top layer or within the 
filter bed. In addition, tubes employed in the system were cleaned or replaced periodically, 
especially when noticeable biomass appeared which could clog the tubes and three-way 
connectors and potentially provide additional manganese to the feed water flowing into the 
biofilters. 
 
3.2.6 Temperature Adjustment 
Although water bath and ice packs could maintain the temperature at around 20°C for daily 
operation in the warmer days, this method cannot achieve lower temperatures or provide 
accurate temperature control for the study to determine the impact of temperature on the 
performance of the biofilters. Therefore, a Thermal Scientific® NESLAB RTE-7 circulating 
bath was used. The biofiltration columns were wrapped with latex tubing and water circulated 
through the tubing at high speed. The variation of the temperature at the centre of the filter 
column was approximately ± 0.5 °C. 
 
3.2.7 Dissolved Oxygen Adjustment 
The dissolved oxygen level of the raw water was found to be very close to the saturated level. 
DO level was reduced by purging N2 into the feed tank when required. For the low target DO 
level (e.g., 2 mg/L), due to the distance between the N2 gas valve and experiment bench, 
additional feed tank was used as the DO level would rise rapidly at that concentration without 
continuously purging of N2. 
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3.2.8 pH Adjustment 
For determining the impact of influent pH, 0.1 M H2SO4 and NaOH were used to increase and 
decrease pH level, respectively. 
 
3.3 Analytical Methods 
The measurements of the current study were duplicated or triplicated, and the results were 
averaged, error bars representing the variations were provided for most measurements.  
 
3.3.1 Mn Concentration 
Manganese concentration was measured using a Hach DC5000/6000 UV-VIS Spectrometer 
and Hach Mn kits with Methods 8149 and 8034 for low and high Mn ranges, respectively.  
Samples for measuring dissolved manganese concentration were filtered with 0.45 µm 
membrane filters. Alternatively, manganese concentration can be measured by Varian (Agilent) 
AA240FS Zeeman Atomic Absorption spectroscopy with the Mn method at 321.7 nm (Agilent-
Technologies, 2015). Samples were prefiltered (0.45 µm) to avoid clogging the auto-sampler. 
Therefore, this method was only employed for determining dissolved manganese concentration. 
Calibration of the Mn analyses was conducted periodically to validate the measurements. 
 
3.3.2 Dissolved Organic Carbon 
Dissolved organic carbon was measured using a GE Sievers 5310C TOC analyser. Samples 
were filtered with 0.45 µm membrane filters prior to the analysis. 
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3.3.3 Temperature, Dissolved oxygen and pH 
Temperature, DO, and pH were measured by a Hach HQ40d portable meter equipped with an 
LDO probe. The probe was cleaned before and after use to avoid contamination of samples.  
 
3.3.4 UVA254 
UV absorbance at 254 nm (UVA254) was measured by Shimadzu UV-2700 UV-VIS 
Spectrophotometer. 
 
3.3.5 Turbidity 
Turbidity was measured with a Hach 2100AN turbidimeter, the results were reported as NTU. 
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 Chapter 4 Impact of Raw Water Characteristics and Operating 
Conditions on Manganese Removal using Biofilters 
4.1 Establishment of the Biologically Active Filters 
In the start-up of the biofiltration for Mn removal, the two glass columns packed with sand and 
GAC, respectively, were continuously fed with the raw water acquired from Lorne WTP on 
the 6th and the 27th of January, 2017. Measurements of the influent and effluent of the columns 
were taken regularly to monitor the changes in total Mn, DOC, UVA254 and DO which were 
used as indicators of the biological activities of the biofilters (Figures 4.1a-d). The biofilters 
would be considered biologically active and ready for further Mn removal tests once the 
reductions in these parameters were stable. 
 
Although removal of total Mn was observed from the beginning of the start-up process, the 
reduction for both biofilters appear to be unstable 
 particularly when feedwater Mn level changed significantly at 21 days (Figure 4.1a). The 
reduction in Mn at the early stage of the biofiltration start-up process was primarily attributed 
to the retention of Mn particulates. In the case of the GAC-based biofilter, significant 
adsorption of dissolved Mn was also expected, and the MOB would play the key role once the 
biofilm established and the GAC gradually became saturated. In days 21 and 45 (Figure 4.1a), 
effluent Mn exceeded that of the influent, which was thought to be related to the backwashing 
operation (on day 20 and 44) and/or drastic change of Mn concentration in the influent, which 
could lead to the release of Mn that was attached on the cell membrane and surrounding cell 
structures (Van Veen et al., 1978). This phenomenon was noted and was further investigated 
in the following study as reported in Chapter 5. Nevertheless, Mn reduction occurred several 
days after the backwashing and the change of the new batch of feedwater. 
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Mn reduction appeared to be stable after 55 days since the beginning of the biofiltration start-
up, and the biofilters were hence considered to be saturated and biologically active for Mn 
removal. This was consistent with the previously reported observations that biological removal 
of Mn started after 3-8 weeks (Qin et al., 2009, Hoyland et al., 2014). The reduction in DOC, 
UVA254 and DO (Figure 4.1b-d) also indicated the biological activities associated with the Mn 
removal in the inoculation phase. The reduction implied that the microorganisms including 
MOB within the filter media consumed the organic matter and oxygen during the biological 
oxidation processes. As such, the filtration columns were considered to be ready for further 
treatment experiments. 
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Figure 4.1: Key parameters of influent and effluent during inoculation including Total Mn (a), DOC 
(b), UVA254 (c) and DO (d) 
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4.2 Impact of Initial Mn Concentration 
The influence of raw water Mn concentration on the efficacy of the biofilters was examined 
with the feed water at various Mn levels. Firstly, a low concentration (0.2-0.3 mg/L) and a high 
concentration (~1.2 mg/L) raw water was collected from the plant inlet. The high Mn 
concentration water contained dark-blackish sediments which were flushed off from the raw 
water pipeline at a high-flow rate operation mode. In order to evaluate the impact of a wider 
range of initial Mn content on the performance of the biofilters, two more feedwater samples 
were made up by adjusting the Mn level. The selected Mn content range was primarily based 
on the plant historical data of influent Mn levels. One of the two additional feedwater samples 
was prepared by diluting the low Mn concentration raw water with Milli-Q water and gave a 
total and dissolved Mn at 0.065 and 0.045 mg/L, respectively. The other one was made by 
adding MnSO4·H2O to the high Mn concentration water to increase its dissolved Mn from 0.1 
mg/L to 0.6 mg/L. Figure 4.2 illustrates the removal efficacy of the biofilters for the raw water 
of different initial Mn concentrations. It should be noted, due to the time restraint each 
condition could only be evaluated for a short period of time, (i.e., 5-15 days). In the following 
sections, the impact of the various initial Mn concentrations on the biofilters is briefly discussed. 
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Figure 4.2: Mn removal efficiency using different Mn concentration raw water 
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4.2.1 Extremely Low Mn Level 
At the extremely low initial Mn level, the total and dissolved Mn concentrations were at 0.065 
and 0.045 mg/L, respectively. Both biofilters gave consistent and significant reductions in total 
Mn, with approximately 40% and 50% removal achieved by the sand and GAC filters, 
respectively (Figure 4.2a). Total Mn in the effluent was lower than the guideline value of 0.05 
mg/L. The biofilters achieved 80-98% removal in dissolved Mn (Figure 4.2a), indicating the 
effectiveness of the bio-oxidation process. Dissolved Mn contributed approximately 70% of 
the total Mn of the raw water, and the reduction in total Mn seemed to be largely due to the 
effective removal of dissolved Mn. 
 
4.2.2 Low Mn Level 
For the low Mn raw water at 0.21 mg/L total Mn and 0.12 mg/L dissolved Mn, although the 
sand and GAC biofilters maintained high removal efficacy for dissolved Mn at 70-80%, the 
reduction in total Mn was significantly lower with approximately 30% and 40% removal, 
respectively (Figure 4.2b). The residual total manganese exceeded the guideline value while 
the dissolved Mn was reduced to below it. Similar to the extremely low Mn raw water, 
dissolved Mn contributed about 57% to the total Mn, and it appeared the reduction in total Mn 
was largely the result of the removal of soluble Mn. The result suggested the particulate Mn 
was not removed very effectively by the lab-scale biofilters. However, it would be expected a 
full-scale filter with much deeper filter bed could significantly improve the particulate Mn 
removal. Further analysis of the size distribution of particulate Mn is recommended for a better 
understanding of the results and the solution for improving the overall removal efficiency. 
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4.2.3 High Mn Level 
The high Mn concentration raw water contained 1.2 mg/L of total Mn and 0.1 mg/L of 
dissolved Mn. Unlike the above two raw waters examined, soluble Mn only contributed about 
8% of total Mn. The high level of Mn in this raw water was primarily due to the markedly high 
content of particulate Mn.  The dissolved Mn of both influent and effluent was fairly 
comparable with the results for the two feedwater samples reported above. The removal 
efficiency for both total and dissolved Mn was high with average > 90% for total Mn， and > 
80% for dissolved Mn (Figure 4.2c). The residual dissolved Mn was shown to be below the 
guideline value. The high removal of the total Mn for this water was opposite to the trend 
observed for the two previously tested feedwaters. The high removal was very likely the result 
of the blackish sediments which gradually accumulated on the top layer of the filter media 
through the operation. The accumulated sediments then formed a dense cake layer which was 
able to prevent the particulate Mn passing through the filter media, hence improved the total 
Mn removal efficiency. 
 
4.2.4 High Mn Level with Extremely High Dissolved Mn Content 
The high Mn level raw water spiked with MnSO4·H2O was used to examine the scenario 
representing the high Mn concentration raw water containing a high content of dissolved Mn. 
Both biofilters achieved comparable removal efficiency and residual Mn in their effluent 
(Figures 4.2d and 4.3). The low residual dissolved Mn suggested the biofiltration system was 
highly capable of removing the dissolved Mn and so maintaining its level to below the 
guideline value of 0.05 mg/L at the initial dissolved Mn concentration up to 0.6 mg/L.  
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Figure 4.3: Comparable residual dissolved Mn in the biofilter effluent for the high Mn concentration 
raw water (a) and the high Mn concentration raw water spiked with MnSO4 (b) 
 
4.3 Impact of EBCT on Mn Removal 
The effect of longer empty-bed contact time on the Mn removal efficiency was examined using 
the high concentration raw water containing extremely high dissolved Mn content, with a view 
to improving the overall Mn removal and then achieving the residual total Mn below the 
guideline value of 0.05 mg/L. The EBCT was set at 20 min for the tests reported above and 
0.014
0.029
0.019 0.009
0.0180.018
0.015
0.006 0.0030.0080
0.02
0.04
0.06
0.08
0.1
0.12
0.14
1 2 3 4 5
D
is
so
lv
ed
 m
a
n
g
a
n
es
e 
co
n
ce
n
tr
a
ti
o
n
 
(m
g
/L
)
Days
(a)
Influent
Effluent (Sand)
Effluent (GAC)
0.089 0.016 0.025 0.013 0.0120.047
0.021 0.014 0.012 0.0070
0.1
0.2
0.3
0.4
0.5
0.6
0.7
1 2 3 4 6
D
is
so
lv
ed
 m
a
n
g
a
n
es
e 
co
n
ce
n
tr
a
ti
o
n
 
(m
g
/L
)
Days
(b)
Influent
Effluent (Sand)
Effluent (GAC)
52 
 
then doubled  in the present tests (i.e., EBCT=40 min). It was shown the removal efficacy for 
total Mn was improved considerably (Figure 4.4 a and b).  
 
After 6 days of operation, the residual total Mn of the sand and GAC biofilters effluent was 
0.076 mg/L and 0.48 mg/L, respectively, which was closing to or reaching the guideline value. 
As residual Mn was primarily in particulate form, it may imply that higher removal could be 
achieved by filtration systems with deeper filter beds, and hence potentially meet the guideline 
standard. 
 
 
Figure 4.4: Comparison of the change in total Mn removal before (a) and after the EBCT of the 
biofiltration system was doubled to 40 min (b) 
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4.4 Impact of Temperature 
According to the 2-year plant operation data provided by Lorne WTP, the raw water 
temperature was mostly in the range of 16-23 °C. The biofiltration experiments were therefore 
conducted on the temperature at 15, 20 and 25 °C for an evaluation of the impact of influent 
temperature on Mn removal efficiency. At each temperature, the biofilters were operated for 5 
days, and the removal efficiency was monitored daily (Figure 4.5). 
 
Figure 4.5: Mn removal efficiency at various temperatures  
The overall trend was that for both the sand and GAC filters, Mn removal efficiency increased 
with temperature rise. Although there was only a slight improvement in Mn removal from 20 
to 25 °C, the removal efficiency at these temperatures was significantly higher than that at 
15 °C. 
 
The result was likely related to the fact that most MOB species presenting in the Lorne raw 
water required a temperature condition between 20-30 °C except the Leptothrix spp. which 
have been shown the capability of operating in cold temperature even below 10 °C (Boogerd 
and de Vrind, 1987, Horner-Richardson, 2014). However, according to a previous analysis of 
Lorne raw water, the population only represents around 17% of the total MOB presenting in 
the raw water (Fan et al., 2016). Therefore, it might not be the dominating species present in 
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the biofilter but could potentially be the reason for the biofilters functioning at 15 °C. It is worth 
mentioning that the Mn fluctuations were generally occurring in warmer days at the WTP, 
which the MOB would function better in warmer weather when Mn issues occur. The planned 
study on the microbial communities at the end of this project will provide more details on this 
and will be discussed in Chapter 6.  
 
4.5 Impact of pH 
The plant historical data showed raw water pH varied only slightly between 6.8 and 7.2. 
Traditionally, biological Mn oxidation was believed to require pH level around 9 (Mouchet, 
1992). However, more recent studies have shown that biofiltration for Mn control could be 
highly functional at pH around 7 (Hoyland et al., 2014, Bonnelye and Vanweydeveld, 2016). 
Some monoculture studies using Leptothrix spp. have shown that the MOB were still highly 
functional  at pH 6 (Granger et al., 2014). Therefore, three pH levels 6.5, 7 and 7.5 were chosen 
for studying the impact of pH. At each pH condition, the biofiltration test was run for 5 days, 
and Mn removal efficiency was monitored as summarised in Figure 4.6. 
 
 
Figure 4.6: Mn removal efficiency with various pH conditions 
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It was shown both biofilters performed better at pH 7 and 7.5. At pH 6.5, the removal efficiency 
was approximately 20% lower compared with the higher pH levels. The result was fairly 
consistent with other researchers’ observations that biological Mn removal was quite effective 
around pH 7-7.4 (Mouchet, 1992, Postawa and Hayes, 2013). This could also be related to the 
optimum pH level for most of the MOB species present in the Lorne Raw water which are 
generally above 7 (Boogerd and de Vrind, 1987, Nealson, 2006, Tebo et al., 2010). The results 
imply that a pH adjustment may be necessary to maintain the required removal when the pH 
of the influent is significantly lower than the optimum level. 
 
4.6 Impact of Dissolved Oxygen 
At the lab condition, the raw water was usually around 8-9 mg/L. However, according to the 
plant data, the water within Lorne WTP system was mostly around 6 mg/L, in plant shutdown 
mode, the DO level could drop to as low as 2 mg/L. Therefore, these three different levels were 
chosen for the lab tests. Five measurements were taken for each DO level as shown in Figure 
4.7. 
 
 
56 
 
 
 
 
Figure 4.7: Mn removal efficiency at influent DO of 9 mg/L (standard lab condition) compared with 
DO of 6 mg/L (a) and 2 mg/L (b) 
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markedly. In the previous 16s metagenomic analysis, Bacillus spp. and Pseudomonas spp. were 
identified in the Lorne raw water (Fan et al., 2016), and so were likely to be inoculated into the 
biofilters. These two bacteria groups were reported to have the ability for both oxidise and 
reduce Mn. The Mn reducing mechanism may trigger under anaerobic conditions, at DO of 2 
mg/L, the Bacillus spp. and Pseudomonas spp. may reduce the Mn (IV) back to Mn (II), thus 
releasing Mn to the effluent. As such, an aeration unit would be necessary to maintain the 
required DO for the biofilter to achieve the designed removal efficiency. 
 
4.7 An Operational Issue Observed 
It was observed that the biofilters somehow released Mn between days 71 and 87 during  the 
operation of the biofilters at the normal conditions, i.e., no adjustment of feedwater 
characteristics and operating conditions (Figure 4.8). This happened particularly after the 
change to new batches of feedwater. Similar ‘bleeding’ of manganese was reported in another 
study in which the biofilters experienced frequent starting and stopping or switching between 
high and low Mn concentration feedwaters (Baudish et al., 2010). It seemed that the significant 
change in feedwater Mn concentration might stress the MOB and the consequent release of Mn 
might be the Mn (III) ligand complex attached on the membrane and ectoplasm, waiting to be 
further oxidised (Figure 2.3) (Tebo et al., 2010). As the change of feedwater was often followed 
by backwashing, it was unclear whether backwashing could also contribute to this phenomenon 
as it was thought that it might disrupt the established biofilm and so negatively affect the 
microbial Mn removal process. In order to get some more insights into this issue, a further 
investigation was conducted and is reported in the next chapter. 
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Figure 4.8: Change in Mn Concentration in the inoculation period 
 
4.8 Conclusions 
The MOB present in Lorne raw water was successfully inoculated into the biofilters packed 
with sand and GAC, respectively. The high removal efficiency of dissolved Mn was achieved 
by the bio-oxidation, leading to the residual dissolved Mn concentration below the guideline 
value for the influent of various initial dissolved Mn concentrations (0.045 to 0.6 mg/L 
dissolved Mn). For low Mn concentration raw water (< 0.3 mg/L), the removal efficiency of 
total Mn was approximately 40%, whereas, for high Mn concentration raw water (i.e., total Mn 
at around 1 mg/L), about 95% removal was obtained.  The significant improvement of total 
Mn removal was attributed to the accumulation of sediments present in the raw water, forming 
a cake layer on the top of the filter media through operation, which could prevent particulate 
Mn passing through the filter bed. Doubling the EBCT (i.e., from 20 mins to 40 mins) resulted 
in better Mn removal efficiency. The biofilters in the current study performed better at the 
temperature around 25°C, pH at 7 or above, dissolved oxygen level around 9 mg/L compared 
with the other conditions tested. 
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Overall, the technological feasibility of the biofilters for soluble Mn control for the raw water 
at Lorne WTP was demonstrated. It implies the potential of biofiltration process as a standalone 
treatment process to achieve guideline limit of manganese on high Mn concentration influent 
(> 1 mg/L total Mn). Further pilot-scale experiments with deeper filter depth and longer 
operation times may be necessary to obtain more engineering data for the possible full-scale 
application on the site. Further investigation into the observed operational issue of Mn ‘bleed’ 
could help for the development strategies to achieve stable operation of the biofilters. 
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Chapter 5 An Investigation of Manganese ‘Bleed’ and the Impact 
of Filter Media on Biofiltration  
5.1 Introduction 
The operational issue that the Mn concentration of effluent became higher than that of the 
influent was further investigated in this study. Baudish et al. (2010) reported a similar 
observation after the frequent starting and stopping of the flow and switching different Mn 
content feedwater, which was termed Mn ‘bleed’. They believed that certain changes in 
operation conditions might somehow affect the MOB and lead to the release of Mn. However 
the cause of this phenomenon was not studied further, and hence a more detailed understanding 
of this issue is not available. In the present study, Mn ‘bleed’ was first observed in the 
inoculation phase around day 21 which lasted for a few days, another Mn ‘bleed’ occurred 
when changing to new batches of feedwater and lasted for approximately two weeks (Figure 
4.10). It is worth mentioning that after the series of experiments for determining the impact of 
different Mn concentrations, EBCT and other conditions as reported in Chapter 4, both columns 
experienced a longer term of Mn ‘bleed’. The GAC biofilter suffered from this for over six 
weeks, whereas the sand column suffered over two weeks. The influence of backwash and 
change of feedwater Mn content on Mn ‘bleed’ was evaluated with a view to gaining a better 
understanding of this issue. The effect of filter media on the biofiltration efficiency over the 
whole period of the operation was also assessed, and the implication to the ‘bleed’ issue 
discussed. 
 
5.2 Impact of Backwash and Feedwater Change 
The investigation involved the monitoring of the change solely after backwash or feedwater 
change (with the scenarios of Mn level changed from low to high and high to low). The 
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feedwater used in these experiments was either the same or having similar characteristics as 
those used in the experimental studies reported in Chapter 4.  
 
5.2.1 Impact of Backwash 
The experimental investigation started with the biofilters performing stably on a medium Mn 
level raw water which contained approximately 0.07 mg/L dissolved Mn and 0.45 mg/L total 
Mn. Data were collected from day 1 approximately 6 hours after backwashing. As shown in 
Figure 5.1, both biofilters were affected by backwashing in terms of Mn removal efficiency. 
Particularly for dissolved Mn, immediate ‘bleed’ was observed after the backwash, with the 
effluent of the sand and GAC biofilters being almost two times and four times higher in Mn 
concentration, respectively than that of the influent. However, both columns stopped ‘bleeding’ 
from day 2 and gradually recovered to perform normally and became steady in approximately 
5 days. Although the Mn ‘bleed’ (i.e., an effluent level exceeded influent level) was not 
observed for total Mn removal, it follows the same pattern of dissolved Mn. The removal 
efficiency was significantly affected in the first two days and became steady in approximately 
5 days.  
 
 
 
62 
 
 
 
Figure 5.1: Residual Dissolved (a) and total Mn concentration (b) of the biofilters before and after 
their backwashing 
 
However, this might be expected as backwash is for removing the excess biomass and 
accumulated particles but not for completely removing the attached biomass with the filter 
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high Mn concentration raw water on the top of the filter bed could lead to better Mn removal. 
After backwash, the cake layer may be disrupted and require time to re-establish. 
 
In a previous study of the Sphaerotilus-Leptothrix group which is the commonly used MOB in 
biofiltration, it was observed that some of the MnO2 produced during the cell logarithmic phase 
could be partially reduced by those actively metabolising cells (Van Veen et al., 1978). It was 
possible that some healthy bacteria were injured or removed during the backwash and hence 
lost some activities. Consequently, the Mn removal efficiency was reduced and required time 
to recover. Once the MOB restored manganese oxidising capacity, MOB cells would tend to 
exhibit the stationary growth phase. Thus, the Mn removal rate is completed recovered.  
 
5.2.2 Impact of Feedwater Change  
After both columns recovered steady performance, feedwater was then switched from lower to 
higher Mn level, after that feedwater was switched from higher Mn level to the lower one. 
Feedwater Mn content was changed suddenly during a stable operation to observe the 
behaviour in terms of Mn removal efficiency as well as to simulate the acute fluctuations of 
Mn in the influent of the WTP. Results are discussed in the following sections for ascending 
and descending feedwater Mn level, respectively. 
 
5.2.2.1  Impact of Feedwater Change – Increasing Mn Content 
In this investigation, several different feedwater samples were tested, including a medium Mn 
level, and a high Mn level feedwater with and without spiked MnSO4. Figure 5.2 illustrates the 
performance of both biofilters after switching from lower to higher Mn level feedwater. While 
no Mn ‘bleed’ was observed in these three experiments, both columns were slightly affected 
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1-3 days after feedwater change and recovered a few days after. The sand based biofilter 
performed better than the GAC based filter.  
 
 
 
Figure 5.2: Residual dissolved Mn concentration before and after switching feedwater from lower Mn 
level to higher Mn level 
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The behaviour of the biofilters was quite similar to that of the filters after backwash. When the 
Mn content in the biofilters suddenly became higher, the MOB community tend to improve its 
oxidising capacity accordingly. However, it is reported that the Mn removal efficiency could 
be masked partly by reduction of MnO2 by the actively metabolising cells during the cell log 
growth phase (Van Veen et al., 1978). Therefore, as the Mn content suddenly became higher, 
the MOB community tend to grow more MOB cells, they would exhibit the cell log growth 
phase to expand the community, and the Mn removal efficiency was masked in the above 
situation. 
 
5.2.2.2 Impact of Feedwater Change – Decreasing Mn Content 
Figure 5.3 presents the performance of both biofiltration columns when feedwater switched 
from the high Mn level feedwater spiked with MnSO4 to medium level, and then to low level 
raw water.  In these two trials, the behaviours of both columns became very different. The GAC 
based filter experienced a long-term ‘bleed’.  It was significantly affected by the marked 
reduction in Mn content, completely losing its Mn removal on day 1 and starting to ‘bleed’ 
since day 2. However, the sand based biofilter was barely affected in these two feedwater 
changes.  
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Figure 5.3: Residual dissolved Mn concentration before and after switching feedwater from high Mn 
level to medium Mn level and from medium Mn level to low Mn level. 
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Figure 5.4: Residual dissolved Mn concentration after switching feed water from high Mn level to low 
Mn level. 
 
The sand biofilter exhibited a longer-term Mn ‘bleed’ compared with the previous tests.  This 
might suggest that the MOB community in the sand biofilter could no longer tolerate the 
significant change in the feed, particularly when the Mn content reduced markedly and 
suddenly. This long-term Mn ‘bleed’ would last for days or even weeks. The exact time and 
patterns of the recovery period will be explained in the next section of this chapter. 
 
It has been suggested that MOB not only oxidise the Mn2+ into MnO2 through biological 
oxidation but also keep the Mn 2+ within their cell membrane, ectoplasm and even extracellular 
slime layer (Van Veen et al., 1978). Therefore, when the MOB community was suddenly facing 
the Mn2+ famine, part of the MOB would die out due to lack of Mn2+ supply. In other words, 
part of the MOB was starved to death and released the Mn2+ adsorbed onto them, which is very 
likely a protective mechanism of the bacterial community to prevent more MOB from dying.  
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Moreover, it could be that some MOB species would have a dormant-like behaviour while the 
environment cannot provide adequate food and nutrients. It was found in one research that after 
60 days of starvation period, about 50% of a Pseudomonas strain survived whereas the 
Leptothrix spp. only survived for 12 hours (Van Veen et al., 1978). The MOB community could 
maintain the Mn removal capacity while some of the MOB enter the dormant period, and hence 
avoid more MOB dying out. When the environment was more extreme, putting those MOB 
into dormancy could not mitigate the starvation, and so the bacterial community could start to 
sacrifice the MOB. This might explain the pattern showed in Figures 5.3 and 5.4 in which the 
worst ‘bleeding’ was not generally observed in the first day. The MOB community would still 
be in the dormant phase or die out a small proportion of its population die to allow the rest to 
have sufficient Mn2+ to survive. It seemed that MOB would die out little by little over time 
until the Mn2+ in the environment is sufficient for the remaining MOB. It could be imagined 
that such scale of the Mn decrease in such a short term is less likely to occur in the normal 
operation of a full-scale plant in which raw water continuously flows. However, the drastic 
change in Mn level, particularly from a high to a low Mn level should be avoided. 
 
5.3 Recovery of Mn Removal from the Mn ‘Bleed’ State 
The time required for the recovery of the biofilters from the Mn ‘bleed’ was evaluated by 
keeping a constant Mn concentration of the feedwater. The biofilters could generally recover 
to normal removal efficiency within weeks as shown in Figure 5.5 for two typical runs. The 
recovery period of the GAC based biofilter was nearly as twice as long as that of the sand 
column which stopped bleeding after 2-3 days and resumed rapidly to normal removal 
efficiency in around a week. The GAC experienced much longer bleeding period, i.e., more 
than a week (8-11 days) and resumed removal slowly after 2-3 weeks.  
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Figure 5.5: Dissolved Mn of the effluent of both biofilters during the recovery period after switching 
from high Mn to medium Mn feedwater (a) and switching from medium Mn to low Mn feedwater (b). 
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observed, the GAC based biofilter could recover within a similar time when compared to the 
sand based one (Figure 4.8). 
 
As mentioned in earlier sections in Chapter 5, after the first four months, both biofilters 
experienced the Mn ‘bleeding’ for a few weeks. Once both biofilters had fully recovered, 
filtration experiments continued. The performance of the sand-based biofilter started to 
overtake that of the GAC based one (Figures 4.5-4.7 and all figures in Chapter 5). The Mn 
removal efficiency of the GAC based biofilter was 5-10% lower than the sand biofilter, instead 
of 5-10% higher as observed in the early period of the biofiltration tests.  
 
Experiments after the first four months were undertaken under more extreme conditions to 
determine the impact of operation conditions (i.e., temperature, pH and DO) and to investigate 
the Mn ‘bleed’ phenomenon. Consequently, the GAC media shows less consistency when it 
was tested continuously under those extreme conditions. It is known that GAC particles have 
better uniformity and larger surface area, which means that more MOB could attach onto the 
media and form a thicker biofilm. In other words, the quantity of MOB attached to the GAC 
media would be greater than that of the sand. When the operation conditions were changed, it 
was likely that significant amounts of MOB exhibit log phase, dormant phase and death phase 
for the GAC media, as shown in Figures 5.3 and 5.4. Consequently, the GAC based biofilter 
would incur greater impact from the changed conditions than the sand one.  
 
Another possible reason could be that the MOB communities present in these two biofilters are 
different in structure. At the end of the experimental study, media samples were taken from the 
biofilters and examined with 16s ribosomal RNA. The results of the microbiological study are 
presented and discussed in Chapter 6. 
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Overall, the sand filter media showed better stability and robustness in performance compared 
to the GAC. As such, the sand-based biofilter is recommended for the application of 
biofiltration for Mn control at Lorne WTP should this technology be determined to implement.  
 
5.5 Conclusions 
In this chapter, several laboratory tests were conducted to study the Mn ‘bleed’ phenomenon 
observed in the past experiments. The sand-based biofilter performed considerably better than 
the GAC one, which was consistent with the finding in Chapter 4 that it is more stable, robust 
and tolerant to more extreme conditions. The impacts of backwash and feedwater change were 
studied to determine their roles in the issue.  Backwash and sudden increase of the Mn 
concentration in the feedwater only affected the Mn removal efficiency slightly.  On the other 
hand, a sudden decrease in Mn concentration of the feedwater could cause dormancy and die 
of the MOB, and hence worsen the issue. The severity of the issue was likely dependent on 
how bad the starvation situation was, and the MOB population present in the system. The 
comparison of the sand and GAC suggested that sand based biofilter would provide more 
robust and stable operation overall, and hence it is recommended for future implementation at 
Lorne WTP.  
 
In future studies, it is suggested to consider the following: 
• Using multiple identical biofilters to examine the change/difference in the bacterial 
communities at different operating conditions for a further understanding of the 
biofiltration; 
• Adding nutrients to the feedwater when switching feedwater from high to low, see if 
the additional nutrients help the MOB survive the starvation period and hence to be 
more stable in operation. 
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• Adding nutrients after the long-term ‘bleeding’ to see if the additional nutrients help 
the biofilter recovery more quickly. 
• Bypass the biofilter unit if manganese content of the feedwater suddenly decreased. 
When the manganese level is extremely low, the other components of the whole process 
should be able to  
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Chapter 6 Microbiological Characterisation of the Biofilters 
6.1 Introduction 
Understanding the microbiological characteristics within the biofilters is essential for the 
current study, which could help further understand their performance observed in the previous 
chapters and enabled better operational procedures. A previous investigation of the microbial 
communities in the raw water pipeline of the Lorne WTP revealed diverse Mn bacterial species 
present in the raw water (Fan et al., 2016). In the present study, the biofilters were inoculated 
with the Lorne raw water and operated for a long period (i.e., over a year), and it was thought 
that the population distribution in the two different biofilters might help to gain more insights 
into the impact of operating conditions on the MOB, and hence the treatment efficiency. 
 
6.2 Methodology 
6.2.1 Media Samples 
After the completion of all filtration experiments, both biofilters were backwashed and then 
fed with the medium Mn level raw water for a few weeks. The sand and GAC media samples 
were taken out from the biofilters, and well mixed. A sample (20 mL) for each type of filter 
media was bottled and then transported and stored in the microbiology lab at Bundoora Campus 
of RMIT University prior to the DNA extraction procedure. 
 
6.2.2 DNA Extraction 
The total genomic DNA of the sand and GAC media was extracted by the MO BIO PowerSoil® 
DNA isolation kit. The extracted DNA samples were collected in 2-ml collection tubes from 
the PowerSoil® kit and stored at -20 °C prior to the genomic analysis. 
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6.2.3 16s Metagenomic Analysis 
The extracted DNA samples were transported by temperature-controlled delivery service of 
DGI Global to Australian Genome Research Facility (AGRF QLD) for the genomic analysis.  
The amplicons were pooled and sequenced by Illumina MiSeq platform with the Illumina’s 
Nextera® XT index and Paired End sequencing chemistry (Illumina, San Diego, CA).  
 
6.3 Results of Microbiological Characterisation of the Biofilter Media 
6.3.1 Structure of Mn-oxidising Bacterial Community of the Biofilters 
The top Mn-oxidising bacteria species present in the GAC and sand media were identified by 
the 16s metagenomic analysis as shown in Figure 6.1. It was found eight MOB species were 
present in the sand media, including Pseudomonas spp., Hyphomicrobium spp., Gallionella 
spp., Bacillus selenatarsenatis, Bacillus cereus, Pedomicrobium spp., Crenothrix spp. and 
Bacillus spp. (Figure 6.1a). Among the eight species, the most populous MOB in the sand 
media were Pseudomonas spp. (75%), Hyphomicrobium spp. (10%), Gallionella spp. (6%) and 
Bacillus selenatarsenatis (4%), the rest of the MOB species accounted for approximately 1% 
of the total population. Figure 6.1b presents the top four MOB species identified in the GAC 
media, which were Pseudomonas spp. (60%), Hyphomicrobium spp. (29%), Exiguobacterium 
spp. (9%) and Bacillus spp. (2%). Detailed results such as OUT numbers, similarities and 
bacteria counts can be found in Appendix A. 
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Figure 6.1: Top Mn-oxidising species present in the sand (a) and GAC (b) media. 
 
From the result, the most populous two species present in the sand and GAC media were the 
same, the Pseudomonas spp. and Hyphomicrobium spp. represent 85-90% of the total MOB 
population for both media. Of these species, Pseudomonas spp. (60-75% of total population) 
were more dominant than the Hyphomicrobium spp., (10-29% of total population).  It is 
mentioned earlier in Chapter 5 that Pseudomonas spp. would have better tolerance in extreme 
1.02% 0.80%
5.91%
10.68%
0.57%
4.32%
1.48%
75.23%
(a)
Pedomicrobium spp. Crenothrix spp. Gallionella spp.
Hyphomicrobium spp. Bacillus spp. Bacillus selenatarsenatis
Bacillus cereus Pseudomonas spp.
29.16%
8.98%
1.62%
60.24%
(b)
Hyphomicrobium spp. Exiguobacterium spp. Bacillus spp. Pseudomonas spp.
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conditions (e.g., starvation) compared to other commonly found MOB species (Van Veen et 
al., 1978). Another study tested the effect of temperature and pH on several Pseudomonas spp. 
strains, the results showed that the optimum temperature for growth of Pseudomonas spp. was 
between 20 to 40 ºC, but they could survive a wider temperature range (0 to 50 ºC), and  the 
growth rate was quite consistent for pH 6-8 but they tended to grow slower when the pH was 
out of this range (Tsuji et al., 1982). Therefore, it was reasonable that the Pseudomonas spp. 
was the most dominant species in both biofilters which had been exposed to many extreme 
conditions over a lengthy period.  
 
However, more MOB species were identified in the sand media when compared to the GAC, 
including Gallionella spp., Bacillus selenatarsenatis, Bacillus cereus, Pedomicrobium spp. and 
Crenothrix spp. Although GAC has a significantly greater surface area than the sand, the 16s 
metagenomic analysis identified more MOB organisms present and more types of MOB 
present in the sand media. This may indicate that MOB could grow well in the sand media, 
which was consistent with the observation that the sand showed more consistent and robust 
performance compared with the GAC. 
 
In addition, a previous study indicated that Hyphomicrobium spp. (37%), Bacillus subtilis 
(20%), Leptothrix spp. (19%), Crenothrix polyspora (18%), Gallionella ferruginea (5%) and 
Pedomicrobium ferrugineum (1%) were present in the Lorne raw water pipeline (Fan et al., 
2016).  The microbial communities for the raw water and the biofilter media were very different, 
which may further indicate many MOB species present in the Lorne water supply system may 
not be able to survive under the extreme conditions, and consequently only the more tolerant 
species could survive after the lengthy operation period.  
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6.3.2 Structure of Mn-reducing Bacterial Community of the Biofilter Media 
The commonly found Mn-reducing bacteria (MRB) species include Geobacter spp., 
Shewanella spp., Alteromonas putrefaciens, Carnobacterium inhibens, Bacillus spp., and 
Pseudomonas spp. (Tebo et al., 2010).  The top Mn-reducing species present in both sand and 
GAC media were identified by the 16s metagenomic analysis (Figure 6.2). The top Mn-
reducing species found in both media were Geobacter spp., Pseudomonas spp., and Bacillus 
spp. The Geobacter spp. was the dominant species in both sand and GAC media and 
represented 87% and 98% of the total MRB population, respectively.  
 
 
Figure 6.2: Top Mn-reducing species present in the sand (a) and GAC (b) media 
0.09%
0.68%
0.23%
13.49%
87.24%
(a)
Bacillus spp. Bacillus selenatarsenatis Bacillus cereus
Pseudomonas spp. Geobacter spp.
0.05% 2.03%
97.91%
(b)
Bacillus spp. Pseudomonas spp. Geobacter spp.
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The previous lab simulations conducted by Lei et al. (2015a) using Lorne raw water and the 
biomass obtained from the raw water pipeline indicated that at low DO conditions (0.5-2.0 
mg/L), there was a 200% increase in total Mn whereas when DO was 6 mg/L and 9 mg/L, the 
total Mn reduced by 30% and 60%, respectively. In the following 16s metagenomic analysis, 
the Mn-reducing species presenting in Lorne raw water were identified as including 
Cranobacterium inhibens (28%), Bacillus cirulans (26%), Geobacter metallireducens (25%), 
Geobacter sulfurreducens (12%), Pseudomonas fulorescens (7%), Bacillus infernus (3%) and 
Shewanella putrefaciens (1%) (Fan et al., 2016). The total population under the Geobacter 
group represented 37% of the total MRB population in the Lorne raw water which was 
consistent with the current study with Geobacter spp. being the most dominant group in both 
media.  
 
In addition, a possible reason for only Geobacter spp., Bacillus spp. and Pseudomonas spp. 
being identified in the current study is that the biofilters mostly operated at high DO 
concentrations (e.g., >8 mg/L), and the MRB species initially present may not have been able 
to tolerate the high oxygen level. However, the Bacillus spp. and Pseudomonas spp. were 
considered to have the ability for both oxidising and reducing Mn (Tebo et al., 2010), therefore 
they would survive with the presence of oxygen and oxidise Mn in the normal operation, and 
their reducing mechanism would be only triggered under anoxic conditions. The Geobacter 
spp., on the other hand, was traditionally classified as a strict anaerobe which is not able to 
grow or survive with the presence of oxygen, although one study showed that Geobacter 
sulfurreducens could survive and grow with oxygen as a terminal electron acceptor (Lin et al., 
2004).  
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It should be noted that there are some limitations in the current study that may affect the results. 
For instance, some of the Mn bacterial species could not survive from the experiments under 
the extreme conditions tested, which may be different from the real applications in which the 
change in the conditions would be much more moderate. As mentioned in the above section, 
the population distribution of the Mn bacterial species present in the biofilters was very 
different from that of the Lorne raw water analysed in the previous study. It may imply that the 
Mn bacterial species present in the biofilters may be different at various phases of the biofilter 
operation. For example, the inoculation phase, and the operation phases before and after testing 
the different conditions.  Therefore, it was difficult to know of any change in Mn bacterial 
species at each stage of the biofilter operation. As mentioned at the end of Chapter 5, for future 
study it may be useful to set up multiple biofilters and sample the media at various operation 
phases and so gain more details about the microbial communities under the various conditions 
and help to achieve constant and robust treatment performance.   
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Chapter 7 Cost Analysis and Life Cycle Assessment 
In this lab-based work, the biological filtration process has been demonstrated as a potential 
technologically feasible method for controlling Mn in the Lorne water supply system. In order 
to gain some further understanding about the economic and environmental impact of the 
biological filtration process, a preliminary cost analysis and a simplified life cycle assessment 
were conducted by comparing it with a typical chemical Mn control process that is being widely 
used in drinking water treatment. 
 
7.1 Cost Analysis 
As established in the literature review, biological manganese control has many advantages over 
the conventional chemical methods. Cost benefit is considered as one of the most significant 
ones, and the other advantages of the biological treatment may lead to better cost effectiveness 
directly or indirectly. For example, biological manganese control can potentially provide higher 
filtration rates which can be doubled or tripled in some cases, allowing an increase in plant 
capacity or reduction in the number and size of the filters (Mouchet, 1995). Oxidation and 
filtration could perform simultaneously in the biofiltration unit which leads to lower capital 
and operating costs due to the removal of equipment and chemicals used in the process, e.g., 
contact tank and oxidants (Mouchet, 1995, Gage et al., 2001). The manganese retention 
capacity is generally higher than the conventional processes, which means less requirement of 
backwash and consequently lower operating cost (Mouchet, 1995).  Based on actual early 
applications, it was estimated to  save up to 40% in capital cost compared with conventional 
processes (Mouchet, 1995). Several other cost analyses reported that both capital cost and 
operating cost could be reduced by around 30% (Lundquist, 1999), in one case, the capital cost 
of a biological process was about 60% less than a conventional process (Gage et al., 2001).  
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In this study, a preliminary cost analysis was conducted comparing the biological filtration 
process and a conventional chemical oxidation process. The two typical Mn control process 
trains used for the comparison are shown in Figures 7.1 and 7.2 (Mouchet, 1995, Gage et al., 
2001). The cost estimation was carried out by referring to the Cost Estimating Manual for 
Water Treatment Facilities (McGivney and Kawamura, 2008), and taking into account the 
possible processing capacity for the Lorne WTP, i.e., 10 ML/day. It should be noted the cost 
estimation is for a new plant and does not consider the possible utilisation of the existing 
facilities at Lorne WTP. It comprises a predesign cost estimation for a comparison between 
specific processes. It is a Class 5 cost estimation with the expected accuracy of +50% to -30% 
on the construction cost. The required cost information was derived from the Engineering 
News-Record Construction Cost Index (ENR CCI) which is published weekly.  
 
Potassium Permanganate
Air
Raw Water
Chlorine
Raw Water Pump
Finished Water Pump
Finished Water  
Figure 7.1: A typical chemical process train 
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Air
Chlorine
Raw Water Pump
Finished Water Pump
Finished Water 
 
Figure 7.2: A typical biological method process train 
 
Table 7.1: Equations from Water Treatment Cost Estimation (McGivney and Kawamura, 2008) 
Process  Cost Equation  
Raw Water Pumping $ = 12169 X + 60716 X = Capacity in MGD 
Potassium Permanganate $ = 26.427 X + 25864 X= Feed in pounds per day 
Gravity Filter Structure $ = -0.0034 X2 + 575.85 X 
+665305 
X = Filter surface area in SF 
GAC $ = 38.319 X + 21377 X = Filter surface area in SF 
Sand $ = 20.561 X +11185 X = Filter surface area in SF 
Filter Backwash Pumping $ = 292.44 X +92497 X = Filter surface area in SF 
Air Scour Wash  $ = 50.157 X + 266176 X = Filter surface area in SF 
Chlorine Storage and Feed 
150 lbs Cylinder storage 
$ = 5207.4 X 0.5521 X = Feed in pounds per day 
Clear Water Storage $ = 604450 X + 215121 X = Capacity in MGD 
Finished Water Pumping $ = 18888 X +140743 X = Capacity in MGD 
Administration, Laboratory 
and Maintenance Building 
$ = 63568 X 0.553 X = Capacity in MGD 
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Figure 7.3: Estimated cost of the conventional process 
 
 
Figure 7.4: Estimated cost of the biological process 
 
The equations used for the cost estimation are presented in Table 7.1, the equations have been 
collected over many years from multiple sources by McGivney and Kawamura (2008). Figure 
7.3 and 7.4 show the results of the actual calculations. A few assumptions were made in this 
analysis, such as the Mn concentration was assumed to be 0.2 mg/L; 1.92 mg of KMnO4 
required for 1 mg of Mn (Postawa and Hayes, 2013); chlorine dosage for the conventional 
process was assumed to be 2 mg/L, which is based on the typical dosage between 2-3 mg/L 
(NHMRC, 2011); the filter surface area was based on the assumption of the flow rate at 7 m/h 
for the conventional process and 50 m/h for the biological process (Mouchet, 1992). The results 
were updated by the then up to date ENR CCI index in Jan 2018 (ENR, 2018). As 
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recommended in the cost estimation manual, the yard piping, sitework landscaping and site 
electricity and control were assumed to be 10%, 5% and 20% of the total process cost, 
respectively; the engineering, legal and administration cost was assumed to be 35% of the total 
construction cost (McGivney and Kawamura, 2008). The cost estimation curves and the 
detailed calculations are provided in Appendix B. 
 
As shown in Figure 7.3and 7.4, the conventional and biological Mn control processes would 
cost US$12.7 M and US$7.1 M (approximately AU$17.2 M and AU$9.6 M), respectively, 
meaning the biological treatment could save approximately 45% in capital cost. This cost 
estimation appeared to be consistent with the  previously reported figures (Mouchet, 1995). 
 
7.2 Life Cycle Assessment 
Generally, economic and technological aspects are the main factors when it comes to choosing 
the best water treatment processes. However, the water industry is becoming more accountable 
for the environmental impacts from the aspects such as the consumption of natural resources 
and energy, as well as the release of wastes to the environment. 
 
In this section, a simplified life cycle assessment (LCA) of the biofiltration and conventional 
chemical process was conducted. LCA is a science-based comparative assessment of the 
environmental impacts of products, processes and services. LCA is generally conducted using 
LCA software such as SimaPro, GaBi, OpenLCA or Umberto. The LCA includes the inventory 
(LCI) database and the impact assessment (LCIA) methods. There are many existing LCI 
databases and LCIA methods, which vary by location, and the focus of process or product. The 
simplified LCA described below covers the typical LCA steps including scoping, inventory 
analysis, impact assessment and results interpretation.  
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7.2.1 Goal Definition and Scoping 
The goal is to compare the potential environmental impacts of the conventional Mn control 
process and the biological Mn control process. Briefly, the boundaries of the processes were at 
the two typical treatment processes depicted in Figures 7.1 and 7.2. In this study, the LCA 
focused on the input and output flows of chemicals and energy resources (electricity) of the 
processes. The construction of the process units, transport and distribution of water are not 
included in the study. The functional unit is the treatment of 1 m3 of water, which is the 
commonly used LCA functional unit for water treatment processes.  
 
7.2.2 Inventory Analysis 
The input and output data for each process unit were based on calculations or the energy 
consumption manual (WEF, 2018). The assumptions of plant capacity and chemical 
consumptions were the same as those of the preliminary cost analysis. The energy consumption 
of the major process units was as summarised by the Water Environment Federation (WEF) 
and presented in Table 7.2 (WEF, 2018). According to the WEF, the data was collected from 
USEPA published information, and other professional societies and journals. 
 
 
 
 
 
 
 
 
 
86 
 
Table 7.2: Energy consumption for simplified LCA (WEF, 2018). 
Process unit Electricity use per ML/day capacity 
(kWh/ML) 
Aeration 141 
Filtration 37 
Chemical Oxidation 21 
Chlorination 0.26 
 
7.2.3 Environmental Impact Assessment 
The potential environmental impact of the target processes was evaluated using SimaPro® 
software, the Australian LCA database and the Australian indicator set Ver.3 Method. The 
Australian database contains the information for the materials and energy in the Australian 
market. For example, the Australian manufactured chemicals and Victorian grid electricity. 
The Australian indicator set method contains a group of useful indicators for the Australian 
context, which has been gathered mostly from the commonly used LCIA methods such as IPCC, 
CML, ReCiPe and several individually published methods. Global-warming, ozone depletion, 
eutrophication, fossil fuel, mineral use, human toxicity and ecotoxicity are the main 
environmental impact categories in this method (ALCAS, 2014). 
 
7.2.4 LCA Result and Discussion 
The major environmental impact categories and the impact scores of each process are presented 
in Table 7.3, and the relative impact as expressed in percentage for each process is expressed 
in Figure 7.5. The conventional chemical process appeared to have a significantly greater 
environmental impact than the biological process for every aspect. This was logical as fewer 
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process units, and less energy consumption required by the biological treatment could lead to 
20-40% reduction of the environmental impact under these categories. For the ozone depletion 
category, chlorine production contributed around 50%. Biological process reduced chlorine 
demand markedly when compared to the conventional process. As a result, the contribution to 
ozone depletion was significantly reduced by approximately 70%. Figure 7.6 shows the overall 
environmental impact after the normalisation of the impact scores presented in Figure 7.5. It 
was shown that the most significant factors contributing to the environmental impact for both 
Mn control processes were global warming, followed by eutrophication, ecotoxicity and fossil 
fuel and mineral use. These impacts are mostly contributed by energy generation.  
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Table 7.3: Result of the environmental impact assessments of conventional and biological Mn control 
processes. 
Impact Category Unit Conventional 
Process 
Biological Process 
Global Warming kg CO2 eq 0.669 0.584 
Ozone Depletion kg CFC-11 eq 3.55E-09 9.93E-10 
Eutrophication kg PO4 eq  1.63E-04 1.4E-04 
Fossil Fuels kg oil eq 0.165 0.144 
Minerals Kg Fe eq 9.07E-04 5.35E-04 
Human toxicity -
noncarcinogenic 
DALY* 5.48E-09 4.28E-09 
Human toxicity - 
carcinogenic 
DALY* 6.87E-10 5.24E-10 
Ecotoxicity - 
freshwater 
DALY* 1.07E-13 8.69E-14 
Ecotoxicity - marine DALY* 1.83E-11 1.04E-11 
Ecotoxicity-
terrestrial 
DALY* 2.19E-15 1.41E-15 
*DALY- Disability-Adjusted Life Year 
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Figure 7.5: Relative environmental impact (Characterisation) of the conventional and biological Mn 
removal processes 
 
 
Figure 7.6: Environmental impact (Normalisation) of conventional and biological Mn removal 
processes 
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7.3 Conclusions 
The preliminary cost analysis and simplified life cycle assessment indicated that the biological 
Mn removal process could potentially be a more cost-effective and environmentally friendly 
Mn control option than chemical oxidation-based processes for the Lorne WTP. The cost of a 
new 10 ML/day capacity biological Mn removal plant was estimated at around US$7.1 million 
(AU$ 9.6 million) which is approximately 45% cheaper than a plant using a conventional 
chemical oxidation process at the same capacity. Furthermore, the biological process could 
contribute 20-40% less environmental impact related to global warming, ozone depletion, 
eutrophication, fossil fuels and mineral use.  
 
The results from the analyses were quite consistent with the advantages of the biological 
process as suggested in a number of published studies. However, it should be noted that there 
are several limitations to the present work, including the limited data and details around the 
processes for the comparison. With sufficient design details or references, more accurate cost 
analysis and life cycle assessment may be obtained. In addition, although the LCA database 
and methods are Australian based, the availability of the data for the materials is relatively 
limited. For example, data for the chemicals that are commonly used in the water industry are 
quite limited in the database. Nevertheless, the simplified LCA is a useful preliminary 
assessment of the processes, and a further detailed assessment could be conducted when a more 
detailed design of the biological filtration process is available. 
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Chapter 8 Conclusions and recommendations 
8.1 Conclusions 
The MOB present in Lorne raw water was successfully inoculated into two biofilters packed 
with sand and GAC, respectively. Various initial dissolved Mn concentrations in raw water 
ranging from 0.045 to 0.6 mg/L were tested. The high removal efficiency of the dissolved Mn 
was achieved by the bio-oxidation process, with the residual dissolved Mn concentration 
reduced to below the ADWG guideline value of 0.05 mg/L. For low total Mn concentration 
raw water (< 0.3 mg/L), the removal efficiency was approximately 40%, whereas, for high total 
Mn concentration raw water (i.e., around 1 mg/L), approximately 95% removal efficiency was 
achieved. The significant amounts of sediments in the high total Mn concentration raw water 
accumulated and formed a cake layer on the top of the filter media, leading to significant 
improvement of the total Mn removal. Doubling the EBCT from 20 to 40 min led to better a 
Mn removal efficiency for the high Mn concentration raw water. By testing various operating 
conditions including temperature, dissolved oxygen and pH levels, the biofilters were found to 
perform better at around 25 °C, pH at 7 and 7.5, as well as dissolved oxygen level around 9 
mg/L. 
 
In the investigation into the Mn ‘bleed’ phenomenon observed during the operation of the 
biofilters, it was shown that backwashing and sudden increasing of the Mn concentration in the 
feedwater would slightly affect the Mn removal efficiency for a few days. But the sudden 
decrease in Mn concentration of the feedwater could apparently cause dormancy and dying of 
the MOB, and hence affect the biofilters for a few weeks. The comparison of the filtration 
performance for the sand and GAC media suggested that the sand based biofilter was more 
robust and stable in operation and hence appeared to be a better option for the biofiltration.   
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The 16s metagenomic analysis showed that the top MOB present in the sand biofilter included 
Pseudomonas spp. (75%), Hyphomicrobium spp. (10%), Gallionella spp. (6%) and Bacillus 
selenatarsenatis (4%), Bacillus cereus (1%), Pedomicrobium spp. (1%), Crenothrix spp. (1%) 
and Bacillus spp. (1%). The top MOB presenting in the GAC biofilter contains Pseudomonas 
spp. (60%), Hyphomicrobium spp. (29%), Exiguobacterium spp. (9%) and Bacillus spp. (2%). 
The Pseudomonas spp. was the most dominant species found in the sand and GAC and 
represented 75% and 60% of the total MOB population, respectively. The Pseudomonas spp. 
has been reported to have better tolerance to Mn (II) starvation and temperature stress tests, 
which was likely the reason that it was the dominant species in both biofilters. 
 
The top Mn-reducing species for both media were identified as mainly Geobacter spp., as well 
as Bacillus spp. and Pseudomonas spp. Geobacter spp. has been reported to have the ability to 
survive in the presence of oxygen, and the other two species were considered as Mn-oxidising 
bacteria but have the ability to reduce Mn under anaerobic condition.  
 
It was estimated that the cost of a new 10 ML/day capacity biological Mn removal plant was 
around US$ 7.1 million (AU$ 9.6 million) which was approximately 45% cheaper than a 
conventional chemical oxidation plant of the same capacity. Life cycle analysis indicated that 
the biological Mn control process could contribute 20-40% less environmental impact related 
to global warming, ozone depletion, eutrophication, fossil fuels and mineral use compared with 
the chemical oxidation process. 
 
Overall, the feasibility of the biological filtration for Mn control was demonstrated by this lab-
scale study, and hence it could potentially be a cost-effective, environmentally friendly 
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treatment process to achieve the guideline standard for manganese for high Mn concentration 
influent (> 1 mg/L total Mn).  
 
8.2 Recommendations for Future Work 
Although the feasibility of the biological Mn control process was demonstrated, there were 
several limitations of the study as discussed in the previous chapters, and more work could be 
done with a view of developing strategies for reliable and efficient operation of the biofilters.  
 
The following are some recommendations for future studies: 
• More raw water characteristics and operation conditions could be tested to confirm the 
robustness of the process, such as higher Mn concentrations, wider ranges of 
temperature and pH of the stress tests.  
• Inoculation method could be further studied in order to determine the fastest and most 
efficient way of inoculating the MOB into virgin biofilters or those which have largely 
lost biological activity. 
• Nutrients could be used for both inoculation and recovery from Mn ‘bleed’ state to 
investigate whether the additional nutrient could make inoculation and recovery faster.  
• The 16s metagenomic analysis of the filter media could be performed at different phases 
of the operation, such as inoculation phase, operation phases before and after testing 
extreme conditions. Determination of the changes of MOB communities could further 
help understand the performance and so enhance the operation of the biofilters.   
• Further pilot scale experiments with deeper filter depth and longer operation times may 
be necessary to obtain more engineering data for the possible full-scale application on 
the site. With more detailed design data or references, more accurate cost analysis and 
life cycle assessment can be obtained in the future. 
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Appendix A Mn Bacterial Species Classification Results 
MOB Identified for Sand Media 
Species OTU Number Similarity Bacteria Counts 
Pedomicrobium spp. OTU_1666 100.00% 9 
Crenothrix spp. OTU_2442 100.00% 7 
Gallionella spp. OTU_833 100.00% 52 
Hyphomicrobium spp. 
OTU_1768 98.57% 16 
OTU_1617 96.43% 11 
OTU_1765 95.00% 5 
OTU_2617 100.00% 5 
OTU_711 100.00% 57 
Bacillus spp. OTU_2275 99.64% 5 
Bacillus selenatarsenatis OTU_918 100.00% 38 
Bacillus cereus OTU_2173 100.00% 13 
Pseudomonas spp. OTU_41 100.00% 662 
 
MRB Identified for Sand Media 
Species OTU Number Similarity Bacteria Counts 
Hyphomicrobium spp. OTU_193 98.21% 198 
Exiguobacterium spp. OTU_626 100.00% 61 
Bacillus spp. OTU_1434 95.37% 11 
Pseudomonas spp. 
OTU_41 100.00% 306 
OTU_406 100.00% 103 
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MOB Identified for GAC Media 
Species OTU Number Similarity Bacteria Counts 
Bacillus spp. OTU_2275 99.64% 5 
Bacillus selenatarsenatis OTU_918 100.00% 38 
Bacillus cereus OTU_2173 100.00% 13 
Pseudomonas spp. OTU_41 100.00% 662 
Geobacter spp. 
OTU_20 100% 1734 
OTU_58 99.64% 757 
OTU_114 97.86% 407 
OTU_124 98.57% 324 
OTU_49 96.42% 276 
OTU_247 97.86% 216 
OTU_60 98.91% 168 
OTU_1184 98.57% 139 
OTU_502 97.50% 112 
OTU_101 98.93% 99 
OTU_543 97.50% 96 
OTU_298 98.56% 89 
OTU_549 97.50% 88 
OTU_493 97.50% 84 
OTU_2436 96.43% 80 
OTU_815 99.64% 63 
OTU_2079 98.57% 51 
OTU_2002 97.87% 31 
OTU_1664 98.93% 16 
OTU_1 98.57% 15 
OTU_1373 98.57% 11 
OTU_2205 97.50% 6 
OTU_2286 99.64% 6 
OTU_413 99.64% 5 
OTU_2150 97.51% 5 
OTU_1668 100% 5 
OTU_2351 97.86% 5 
OTU_2615 95.04% 5 
OTU_2162 97.14% 4 
OTU_2646 100.00% 4 
OTU_2636 99.23% 3 
OTU_2473 98.93% 3 
OTU_675 98.57% 2 
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MRB Identified for GAC Media 
Species OTU Number Similarity Bacteria Counts 
Bacillus spp. OTU_1434 95.37% 11 
Pseudomonas spp. 
OTU_41 100.00% 306 
OTU_406 100.00% 103 
Geobacter spp. 
OTU_49 99.64% 536 
OTU_60 98.91% 638 
OTU_1184 98.57% 94 
OTU_101 100.00% 315 
OTU_298 97.50% 66 
OTU_2436 96.43% 145 
OTU_2079 98.57% 26 
OTU_1 98.57% 17738 
OTU_413 99.64% 86 
OTU_675 98.57% 55 
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Appendix B Cost Curves and Calculations for Cost Estimation 
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Cost Analysis Calculation 
Assumption: 
Plant Capacity: 10 Mega Litre / day = 2.64 Million Gallon per Day (MGD) 
Mn concentration 0.2 mg/L 
KMnO4: 1.92 mg per mg Mn 
Chlorine: 2 mg/L 
At 2.64 MGD, KMnO4 dosage = 8.46 pounds per day 
Chlorine dosage = 8.82 pounds per day 
Conventional filter surface area = Capacity / flow rate = (10ML/day) / (10 m/h) = (416.67 m3/h) 
/ (10m/h) = 41.67 m2 = 448.5 sf 
Biological filter surface area = Capacity / flow rate = (10ML/day) / (50 m/h) = (416.67 m3/h) / 
(50m/h) = 8.34 m2 = 89.8 sf 
 
 
